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SYNOPSIS 


POSITRON ANNIHILATION LIFETIME STUDIES OF SOME 
POLYMER ELECTROLYTES, POLYMERS AND METAL MATRIX COMPOSITES 

Bidyut Haidar 
Department of Physics 

Indian Institute of Technology, Kanpur, India 

.May' 1996 

Over the past thirty years positron annihilation technique 
has been used in various studies involving metals, alloys, 
molecular solids and other technologically important materials. In 
particular the technique of positron annihilation lifetime 
spectroscopy has been applied to study different types of 
polymeric materials. It is now well recognised that the 
annihilation characteristics of ortho-positronium (o-Ps) are 
sensitive to the free volume in polymers. A loose definition of 
free volume is the volume within a polymer that is unoccupied by 
molecules. Many physical properties of the polymer are influenced 
by the free volume . Hence in recent years positron annihilation 
lifetime spectroscopy is being widely used to characterize free 
volume in polymers. 

In the present work we report positron lifetime measurements 
in some polymer electrolytes, polymers and metal matrix 
composites. Each of the above type of materials has found useful 
applications in technology and industry. Ion -conducting polymer 
electrolytes are the materials of current interest because of 
their possible applications in modern electrochemical devices,! 



mostly as high-energy density solid state batteries and sensors. 
High- temperature resistant glassy polymers such as cured epoxy and 
polyester resins are also technologically important materials 
because of their wide range of applications as adhesives, fillers, 
host matrices for composite materials etc. The third kind of 
materials i.e. the metal matrix composites are the most recently 
developed materials that have attracted considerable attention 
because of their excellent mechanical properties. 

In view of the above technological importance of these 
materials, we found it interesting to investigate them by positron 
annihilation lifetime spectroscopy. 

The present thesis is divided into seven Chapters. The first 
chapter provides a brief introduction to the phenomenon of 
positron annihilation. It describes the two-photon and 
three-photon annihilation processes and the characteristic 
lifetimes for these decays. Factors governing the formation and 
decay of positronium (Ps) atom are discussed and a very brief 
introduction to the Ore-model and spur-model is given. The 
phenomenon of quenching of Ps from the ortho- to the para- state 
are discussed. A relation between the positron annihilation 
lifetimes with the properties of free-volume holes of polymers is 
discussed outlining the existing model for the spherical holes . 

The experimental methods for the study of positron 
annihilation are briefly reviewed in Chapter 2 . The techniques for 
studying the Doppler-broadening of annihilation radiation 
lineshape and angular correlation of annihilation radiation are 
described briefly while the technique of positron annihilation 



lifetime measurements is discussed in some detail. The details of 
the present lifetime spectrometer and the methods used for 
analyzing positron lifetime spectra are also discussed. 
Experimental procedures involved in the preparation of positron 
source and in checking the time calibration etc. are described. 

Since the major part of the present work deals with the study 
of polymer electrolytes, a brief introduction to the structural 
and physical properties of these new technological materials is 
given in Chapter 3. The free-volume model and its application to 
the mechanism of ion- transport in polymer electrolytes is also 
outlined. Some specific polymer electrolyte materials and their 
typical industrial applications are briefly described. 

The present studies of the temperature dependence of positron 
annihilation lifetime, free volume, conductivity, ionic -mobility 
and number of charge carriers in the proton- conducting polymer 
electrolyte, polyethylene oxide (PEO) complexed with ammonium 
perchlorate (NH^ClO^) are described in/ Chapter 4. The above 
physical properties have been studied in the temperature range 
300-370 K. The positron lifetime spectra were analyzed in two 
ways: (i) determination of three lifetimes and their intensities 
using the computer program PATFIT and (ii) determination of the 
annihilation rate probability distribution function using the 
computer program CONTIN. Such analysis provided valuable results 
for the free-volume parameters in this material. The free volume 
and conductivity show sudden increase at the melting temperature T 
~ T^ (~ 333 K) . It appears that the increase in the free volume 
arises out of the increase in the size of the holes rather than an 



increase in their number. Although the free volume shows an 
increase around T^, the measured ionic mobility does not show 
similar behaviour. The increase in the conductivity at is, 

therefore, ascribed to an increase in the number of charge 
carriers at ~ T^. A suitable dissociation model involving the 
dielectric constant is proposed to explain this increase. The 
value of the dissociation energy for PE0:NH^C10^ has been 
determined to be 2.4 eV. 

In Chapter 5 we have presented the positron annihilation 
lifetime studies of free volume in polymer electrolyte 
polyethylene oxide (PEO) complexed with ammonium iodide (NH^I) . 
Temperature variation of o-Ps lifetime and intensity studied in 
the temperature range 298-353 K showed different behaviour during 
the heating and cooling cycles. A relative free-volume fraction 
has been calculated from the measured o-Ps lifetime parameters. 
The measured positron lifetime spectra have been analyzed into 
continuous lifetime distributions using Laplace's inversion 
technique, and the free-volume hole volume distributions were 
obtained at different temperatures. An attempt made to explain the 
observed variation in o-Ps lifetime and intensity is described at 
the end of this chapter. 

The present studies of the positron annihilation lifetimes in 
two polymers, cured epoxy and polyester resins are described in 
Chapter 6 . The effect of temperature, physical aging and moisture 
on positron lifetimes and intensities in these two polymers is 
measured. The temperature dependence was studied in the range 
295-473 K during the heating and cooling cycles. The study of 



physical aging was carried out at room temperature for samples 
quenched at different rates. Moisture absorption in both these 
polymers was studied at room temperature and at 3 71 K. Attempts 
was made to explain the observed behaviour in terms of free -volume 
properties . 

In the last chapter we have described positron lifetime 
studies in the Al-Al^O^ metal matrix composites, containing 0%, 
2%, 4% and 8 wt . % Al^O^ particulates. Metal matrix composites are 
not polymers, but they are also technologically important 
materials having excellent mechanical properties . Positron 
lifetime measurements were performed for the as -cast samples, 
samples charged with hydrogen and samples annealed (after hydrogen 
charging) for all the above compositions. An attempt has been made 
to explain the observed variation in the mean positron lifetimes 
with composition in terms of trapping behaviour of hydrogen by 
the defects. 

It is hoped that the present studies carried out in the 
polymer electrolytes PEO+NH^ClO^ and PEO+NH^I, cured epoxy and 
polyester resin polymers and in the Al+Al^O^ metal matrix 
composites using positron lifetime measurements and other 
characterization techniques have helped to extend our present 
understanding of these systems . 



CONTENT 


Page No 


LIST OF FIGURES 

LIST OF TABLES xxviii 

CHAPTER 1 : INTRODUCTION 1 

1.1 Positron and positron annihilation 1 

1.2 Properties of positrons 4 

1.3 Interaction with matter 4 

1.4 Direct annihilation 5 

1.5 Bound-state/positronium annihilation 7 

1.6 Lifetimes for 2-photon and 3-photon 8 

annihilation processes 

1.6.1 2-photon annihilation process 8 

1.6.2 3 -photon annihilation process 9 

1.7 Factors controlling the positronium 10 

« 

formation and decay 

1.8 Quenching 14 

1.9 Positron annihilation in metals 17 

1.10 Positronium and molecular substances 20 

1.10.1 Existing model - spherical holes 23 

1.11 Free volume and positron annihilation 27 

in polymers 

1.11.1 Ps-hole theory in polymers 33 

1.12 Scope of the present study 35 


References 


38 



CHAPTER 2 : 


EXPERIMENTAL METHODS FOR POSITRON ANNIHILATION 


43 


CHAPTER 3 ; 


STUDIES 

2.1 

2.2 

2 . 2.1 

2 . 2.2 

2.2.3 

2.2.4 
2.2.4 
2.3 


2.4 
2. 4. 1 
2. 4.2 
2.4.3 

2. 4. 4 

2.5 

2.5.1 

2.5.2 

2 . 6 


Introduction 

Methods for measuring positron 
lifetimes . 

Positron source 

Source preparation 

Source strength 

Sample thickness 

Positron lifetime spectrometer 

Doppler broadening and angular 

correlation measurements of 

annihilating radiations 

Present positron spectrometer 

Positron source 

Present lifetime setup 

Resolution and performance of our 

positron lifetime spectrometer 

Calibration of the TPHC 

Analysis of positron annihilation 

lifetime spectra 

Finite-term lifetime analysis 

Continuous lifetime analysis 

Summary 

References 


POLYMER ELECTROLYTES - A REVIEW 

3.1 Introduction 


43 

44 

44 

47 

47 

48 
48 
55 


61 

61 

63 

68 

70 

71 

74 

77 

79 

81 

85 

85 



Xl\ 


3.1.1 Framework crystalline materials 88 

3.1.2 Composite or dispersed phase solid 

electrolytes 89 

3.1.3 Ion- conducting glasses 89 

3.2 Polymer electrolytes 90 

3.2.1 Introduction 90 

3.2.2 Solvent -swollen polymers 94 

3.2.3 Polyelectrolytes 94 

3.2.4 Solvent-free polymer-salt complexes 95 

3.2.5 Formation of polymer-salt complex 96 

3.3 Structure of polymer electrolytes 97 

3.3.1 Structure of poly (ethylene oxide) 98 

3.4 Phase diagram 99 

3.5 Ion-transport mechanism in polymer 100 

electrolytes 

3.5.1 Introduction 100 

3.5.2 Observed conductivity dependence on 102 

temperature 

3.6 Free-volume model 106 

3.6.1 Introduction 106 

3.6.2 Concept of free volume in liquids 106 

and solids 

3.6.3 Free-volume theory of ion-transport 111 

3.7 Configurational entropy model . 114 

3.8 Dynamic bond percolation model 115 

3.9 Specific polymer electrolytes 116 


3.9. 1 


Alkali-metals ion- conducting polymers 116 



XV 


3.9.2 Silver and copper-based polymer 117 

electrolytes 

3.9.3 Divalent /transition metal salt based 117 

polymers 

3.9.4 Proton- conducting polymer 118 

electrolytes 

3.10 Applications of polymer electrolytes 121 

References 124 

CHAPTER 4 : TEMPERATURE DEPENDENCE OF POSITRON LIFETIME, 136 

FREE VOLUME, CONDUCTIVITY, IONIC MOBILITY 

AND NUMBER OF CHARGE CARRIERS IN A POLYMER 

ELECTROLYTE PEO COMPLEXED WITH NH^CIO^ 

4 4 

4.1 Introduction 136 

4.2 Experimental 143 

4.3 Results and discussions 150 

4.3.1 Positron lifetimes, free volume and 151 

related distribution functions 

4.3.2 Conductivity, mobility, number of 171 

charge carriers and free volume 

4.4 Conclusions 178 

References 180 

CHAPTER 5 : POSITRON ANNIHILATION LIFETIME STUDIES OF 183 

FREE VOLUME IN A POLYMER ELECTROLYTE PEO 

COMPLEXED WITH NH.I 

4 

5.1 Introduction 183 

5.2 Experimental 185 

5.3 Results and discussions - 187 



5.3.1 Analysis of lifetime spectra using 188 

PATFIT program 

5.3.1 Analysis of lifetime spectra using 202 

CONTIN program 

5.4 Conclusions 211 

References 214 

CHAPTER 6 TEMPERATURE DEPENDENCE, PHYSICAL AGING AND 216 

MOISTURE ABSORPTION STUDIES IN CURED EPOXY 
AND POLYESTER RESIN POLYMERS USING POSITRON 
LIFETIME SPECTROSCOPY 

6.1 Introduction 216 

6.1.1 Free volume and physical aging 221 

6.1.2 Effect of moisture on glassy 223 

polymers 

6.2 Experimental 226 

6.2 Results and discussions 232 

6.3.1 Temperature dependence of positron 233 
lifetime spectra in epoxy and poly- 
ester resin polymers 

6.3.2 Study of structural relaxation and 254 
physical aging 

6.3.3 Water absorption studies 259 

6.4 Summary and conclusions 262 

References 264 

CHAPTER 7 : POSITRON ANNIHILATION LIFETIME STUDY OF 268 

HYDROGEN-CHARGED Al-Al^O^ 

Introduction 268 


7. 1 



xvi 


7.2 

-Experimental 

272 

7.3 

Results and discussions 

274 

7. 4 

Conclusions 

280 


References 

282 



LIST OF FIGURES 


Page No. 


Fig. 1.1 
Fig. 1.2 


Fig. 1.3 
Fig. 1.4 


Fig. 1.5 

Fig. 1.6 

Fig. 1.7 


Fig. 2.1 
Fig. 2.2 

Fig. 2.3 
Fig. 2.4 

Fig. 2.5 
Fig. 2.6 


The 'hole' theory. 

Hypothetical dependence of Ps formation 
probability in Argon gas as a function of 
positron energy. 

Flow diagram of positron annihilation. 
Schematic diagram of Ps distribution 
according to the Brandt -Berko-Walker 
free-volume model of Ps decay in molecular 
substances . 

A schematic diagram for a semi -empirical 
quantum model for Ps localized in a -spherical 
box with radius R . 

O 

Correlation curve of o-Ps lifetime as a 
function of free-volume hole size, assuming 
spherical hole. 

Cross-sectional view of the Ps localized in 
the free-volume holes in a polymeric 

material . 

22 

Decay scheme of Na. 

Block diagram of positron lifetime 

spectrometer using slow- fast coincidence 
technique . 

A typical positron lifetime spectrum. 

Vector diagram of momentum conservation in 
the 2y-annihilation process, (a) p = 0, (b) 

p?tO. 

Schematic diagram of a Doppler broadening 

measurement system. 

Energy spectrum for Doppler broadened 


2 

12 


18 

26 


26 


31 


31 


46 

50 


52 

57 


57 

58 



xi> 


Fig. 2.7 

Fxg. 2 . S 

Fig. 2.9 

Fig. 2.10 
Fig. 2.11 
Fig. 2.12 

Fig. 2.13 

Fig. 3.1 
Fig. 3.2 

Fig. 3.3 

Fig. 3.4 


annihilation radiation compared with the 
intrinsic energy resolution of the 
spectrometer . 

Schematic diagram of the apparatus to study 
ID angular correlation of annihilating 
radiation. 

General outline of the geometry of the 2D 
ACAR apparatus. Two sets of detectors lie on 
the and (y^/Z^) planes. 

Block diagram of the lifetime spectrometer, 
based on fast-fast coincidence technique, 
used in the present work. 

Method of time pick-off used in a typical 

constant fraction timing unit. 

6 0 

(a) Decay scheme of Co. (b) Prompt spectrum 

^ 60 -, 

of Co . 

(a) Time spectrum recorded using time 
calibrator. (b) Calibration curve- for the 
present lifetime spectrometer. 

Schematic representation of the interaction 
between programs, files and output devices, 
using POSITRONFIT as an example. 
Electrochemical devices based on solid 
electrolytes . 

Molecular models of PEO conformations. (A) 
and (B) : conformation of crystalline PEO 
(T^G).^; (C) and (D) : PEO in a new T 2 GT 2 G 

conformation as proposed for complexation to 
sodium cations . 

Phase diagram of a polymer electrolyte PEO 
complexed to NH^ClO^ salt (C=crystalline, 
CC=crystalline complex ,and L = liquidus) . 
Conductivity vs l/T plots for ' a series of 
polymer-salt complexes (1) P (E0^2^i*^l0^ ) ' (2) 

cross-linked PEO„LiClO^; (3) P (POgLiSOgCF., ) ; 
(4) poly [ (ethylene adipate) ^LiSO^CF^] (5] 


60 


62 


64 


67 

69 

72 


73 


86 

101 


101 


104 



XX 


Fig. 3.5 


Fig. 3.6. 


Fig. 4.1 


Fig. 4.2 
Fig. 4.3 

Fig. 4.4 
Fig. 4.5 
Fig. 4.6 


poly (ethylene succinate) gLiBF^ ; (6) poly{ [bis 

( me thoxy ethoxy ethoxy) phosphazene] ^LiSO^CF} 
and (7) poly [ (N-methylaziridine) gLiClO^ . 

A schematic illustration of the free volume 
and their expansivities in the glassy and 
liquid states. The shaded area represent the 
available free volume (V^) . 

(a) The thin film design of an 
all-solid-state battery and two typical 
configurations of a solid polymer battery (b) 
Bi-polar structure (c) Swiss-roll 

configuration . 

Temperature dependence of conductivity for 
polyethylene oxide complexed with different 

(a) ammonium salts [A] PEO : (NH^ ) 2S0^ [B] PEO: 
NH^CIO^; [C] PEOiNH^HSO^ and [D] PEO:NH^I. 

(b) lithium salts [E] PE0:LiH2PO^ ; [F] PEO: 

LiSCN and [G] PEO:LiClO^. The . position 
indicated by the vertical arrow corresponds 
to the melting temperature 338 K) for 

pure crystalline PEO. 

Experimental arrangement for electrical 
conductivity measurements. 

(a) Experimental arrangement for transient 
ionic current technique for mobility 
measurement (b) A typical transient ionic 
current ys time plot of PE0:NH^C10^ system. 
Experimental arrangement for temperature 
dependence of positron lifetime measurements. 
Positron lifetime spectra at two different 
temperatures in PE0:NH^C10^ (80:20 wt %) . 
Temperature variation of positron lifetime 
parameters and in PE0:NH^C10^ 

(80:20 wt %) . Open symbols describe the data 
for increasing temperature, while solid 
symbols describe the data for decreasing 


108 


123 


142 


145 

147 


149 

152 

155 



XX 


Fig. 4.7 


Fig. 4.8 
Fig. 4.9 


Fig. 4.10 


Fig. 4.11 


Fig. 4.12 


temperature . 

Temperature dependence of o-Ps lifetime, , 

in polyethylene oxide complexed with ammonium 

perchlorate (PEO :NH^C10^) (80 : 20 wt %) . 

Positions indicated by the arrows 1 and 2 

correspond to the melting temperatures of 

uncomplexed PEO (Tm^- 339 K) and crystalline 

complexed material (Tm 2 ~ 239 K). Open 

symbols describe the data for increasing 

temperature, while solid symbols describe the 

data for decreasing temperature. 

Same as Fig. 4.7, but for the temperature 

dependence of o-Ps lifetime intensity, . 

Temperature dependence of relative fractional 

free volume F in PEO:NH.ClO. (80 :20 wt %) . 
T 4 4 

Positions indicated by 1 and 2 correspond to 
melting temperatures of uncomplexed PEO (Tm^~ 
339 K) and crystalline complexed- material 
(Tm^- 239 K) . Open symbols are for increasing 
temperature, closed symbols for decreasing 
temperature . 

Positron lifetime distribution functions in 
PEO : NH^ClO^ (80:20 wt %) at some 
representative temperatures during the 
(a) increasing and (b) decreasing temperature 
obtained from CONTIN analysis. The positions 
corresponding to the lifetime values t^, 
and obtained from PATFIT analysis are 

shown by arrows . 

o-Ps lifetime distribution functions in 
PEOiNH^ClO^ (80:20 wt %) at different 
temperatures for (a) increasing and (b) 
decreasing temperature. The data correspond 
to the right hand peaks in Fig. 4.10 (a) and 
(b) respectively. 

Free-volume hole radius distribution 


156 


157 

160 


163 


166 


168 



xxi 


Fig. 4.13 


Fig. 4.14 


Fig. 4.15 


Fig. 4.16 


Fig. 4.17 


Fig. 5.1 


functions f (R) in PE0:NH^C10^ (80:20 wt %) at 

different temperatures corresponding to the 
o-Ps lifetime distribution shown in Fig. 4.11 
for (a) increasing and (b) decreasing 

temperature . 

Free-volume hole volume distribution 
functions g(V) in PE0:NH^C10^ (80:20 wt %) at 
different temperatures for (a) increasing 
and (b) decreasing temperature. 

Temperature dependence of cationic and 

anionic iii ) mobilities along with the 

conductivity (cr) for PE0:NH^C10^ (80:20 wt %) 

at different temperatures. Positions 
indicated by 1 and 2 correspond to the 

melting temperatures of uncomplexed PEO (Tm^~ 
339 K) and crystalline complexed material 
(Tm^- 239 K) . 

Variation of number of mobile cations (n ) 
and anions (n ) with temperature for 

PE0:NH^C10^ (80:20 wt %) . Positions 

indicated by 1 and 2 correspond to the 

melting temperatures of uncomplexed PEO (Tm^~ 
339 K) and crystalline complexed material 
(Tm2~ 239 K) . 

The dielectric constant at different 
temperature for PEO:NH^ClO^ (80:20 wt %) . 

Positions indicated by 1 and 2 correspond to 
the melting temperatures of uncomplexed PEO 
(Tm^~339 K) and crystalline complexed 
material (Tm^- 239 K) . 

Variation of number of mobile charge carriers 
(a) cations (n"^) and (b) anions (n ) with 

1/eT for PE0:NH^C10^ (80:20 Wt%) . 

DTA curve for the present sample polyethylene 
oxide complexed with ammonium iodide NH^I 
(PEO:NH^I with NH^/EO « 0.076) . 


170 


172 


174 


176 


177 


189 



xx; 


Fig. 5.2 


Fig. 5.3 


Fig. 5.4 
Fig. 5.5 


Fig. 5.6 


Fig. 5.7 


Temperature variation of positron lifetime 
parameters and I 2 in PEOrNH^I 

(NH^/EO « 0.076). Open symbols describe the 
data for increasing temperature, while solid 
symbols describe the data for decreasing 
temperature . 

Temperature dependence of o-Ps lifetime, x^ , 
in PEO:NH^I(NH^/EO « 0.076). Positions 

indicated by the arrow corresponds to the 
melting temperature of uncomplexed PEO (T^ ~ 
329 K) . Open symbols describe the data for 
increasing temperature, while solid symbols 
describe the data for decreasing temperature. 
Same as Fig. 5.3, but for the temperature 

dependence of o-Ps lifetime intensity, . 
Temperature dependence of 13 '^f PEO:NH^I 

(NH^/EO « 0.076) . Positions indicated by the 
arrow corresponds to the melting temperature 
of uncomplexed PEO (Tm ~ 328 K) . Open symbols 

describe the data for increasing 

temperature, while solid symbols describe the 
data for decreasing temperature. 

Positron lifetime distributions in PEO:NH^I 
(NH^/EO » 0.076) at some representative 

temperatures during the (a) heating and the 
(b) cooling cycle, obtained from CONTIN 
analysis. The positions corresponding to the 
lifetime values x^, X 2 and x^ obtained from 
PATFIT analysis are shown by arrows . 
o-Ps lifetime distribution in PEO:NH^I 
( (NH^/EO ~ 0.076) at different temperatures 
during the (a) heating and (b) cooling cycle. 
The data were taken from right- hand peaks in 
Fig. 5.6 (a and b) . The continuous lines are 
drawn through the data points for visual 
guidance . 


194 


195 


196 

203 


204 


208 



Fig. 5.8 


Fig. 5.9 


Fig. 6.1 


Fig. 6.2. 


Fig. 6.3. 
Fig. 6.4. 


Fig. 6.5. 


Free-volume hole radius distribution 

functions f (R) in PEO;NH^I (NhJ/EO ~ 0.076) 

at different temperatures corresponding to 
o-Ps lifetime distribution function in 
Fig. 5. 7 ((a) and (b)) during the (a) heating 
and (b) cooling cycle. The continuous lines are 
drawn through the data points for visual 
guidance . 

Free-volume hole volume distribution 

functions g(V) in PEOiNH^I (NH^/EO « 0.076) 

at different temperatures during the (a) 
heating and (b) cooling cycle. The continuous 
lines are drawn through the data points for 
visual guidance . 

Origin of physical aging from free volume 
concept. In the figure T^, is the glass 
transition temperature and T^ is any 

temperature below T^ . Downward arrow represent 
the isothermal free-volume contraction. 
Chemical structure of resins and hardener 
used for sample preparations (a) Diglycidyl 
ether of Bisphenol A (DGEBA) . (b) Triethylene 

tetramine and (c) Unsaturated polyester 
resin . 

DTA spectrum for the epoxy sample used in the 
present work . 

Typical positron lifetime spectra at two 
different temperatures (293 K and 473 K) in 
(a) epoxy and (b) polyester samples used in 
the present work. 

Temperature variation of positron lifetime 
parameters and in epoxy 

polymer. Open symbols describe the data for 
the heating cycle, while solid symbols 
describe the data for the cooling cycle. 
Typical error associated with the data points 


x> 


210 


212 


222 


228 


230 

234 


238 



x; 


are shown separately in each case by the 
vertical error bars . 

Fig. 6.6. Temperature dependence of (a) o-Ps lifetime, 239 

, and (b) o-Ps intensity, in epoxy 

polymer. Open symbols describe the data for 
the heating cycle, while solid symbols 
describe the data for the cooling cycle. 

Positions corresponding to the various 

transitions are indicated by vertical arrows 
typical error associated with the data points 
are shown separately by the vertical error 
bars. Best fit curves to the observed data 
points are given by the dotted lines. 

Fig. 6.7 Temperature variation of positron lifetime 244 

parameters r^, and in polyester 

polymer. Open symbols describe the data for 
the heating cycle, while solid symbols 
describe the data for the cooling cycle. 

Typical error associated with the data points 
are shown separately in each case by the 
vertical error bars. 

Fig. 6.8 Temperature dependence of (a) o-Ps lifetime, 246’ 

, and (b) o-Ps intensity, in polyester 

polymer. Open symbols describe the data for 
the heating cycle, while solid symbols 

describe the data for the cooling cycle. 

Position indicated by the arrow corresponds 
to a possible phase transition. 

Fig. 6.9 Temperature dependence of relative 249 

free -volume fraction F-^ epoxy 

and (b) polyester samples. Open symbols 
describe the data for the heating cycle, 

while solid symbols describe the data for the 
cooling cycle. Positions indicated by the 
arrows correspond to various transitions 
observed for our samples. Best fit curves to 


250 


the observed data points are given by the 

dotted lines. 

Fig. 6.10 Positron lifetime distributions in epoxy 

polymer at some representative temperatures 
during the heating cycle, obtained from 
CONTIN analysis . The positions corresponding 
to the lifetimes values and x^ 

obtained from PATFIT (Table 6.1(a)) analysis 
are shown by arrows . 

Fig. 6.11 o-Ps lifetime distribution in epoxy polymer 253 

at different temperatures during the heating 
cycle. The data were taken from right hand 
peaks in Fig. 6.10. The continuous lines are 
drawn through the data points for visual 
guidance . 

Fig. 6.12 The free-volume (a) hole radius distribution 255 

functions f (R) and (b) volume distribution 
functions g(V) in epoxy polymer at different 
temperatures corresponding to o-Ps lifetime 
distribution functions in Fig. 6. 11 during the 
heating cycle. The continuous lines are drawn 
through the data points for visual guidance . 

Fig. 6.13 Effect of physical aging on (a) and (b) 257 

as a function of time for epoxy samples 
cooled at different rates . Typical error 
associated with the data points are shown 
separately by the vertical error bars. 

Fig. 6.14 Effect of physical aging on (a) and (b) 258 

as a function of time for polyester samples 
cooled at different rates. Typical error 
associated with the data points are shown 
separately by the vertical error bars. 

Fig. 6.15 Effect of moisture/water absorption on (a) 260 

and (b) for various time of absorption in 
epoxy sample. Typical error associated with 
the data points are shown separately by the 



XXVI 


the vertical error bars. 

Fig. 6.16 Effect of moisture/water absorption on (a) 261 

and (b) for various time of absorption 
in polyester sample. Typical error associated 
with the data points are shown separately by 
the vertical error bars. 

Fig. 7. 1 Schematic representation of particle cracking 271 

in (a) Al-2%Al202 and (b) Al-8% Al^O^ • 

Fig. 7.2 Variation of positron lifetime parameters 276 

with percentage composition of AI 2 O 2 , (a) 

(b) (c) x^, and (d) for (A) 

as-prepared (as-cast) samples, (B) charged 
with hydrogen for 12h and (C) annealed (after 
hydrogen charging) at 573 K for Ih. Lines are 
drawn through the data points for visual 
guidance . 

Fig. 7.3 Variation in mean lifetime x with different 278 

m 

percentage composition of Al^O^ par.ticulates 
for (A) as-cast samples, (B) samples charged 
with hydrogen for 12h and (C) annealed (after 
hydrogen charging) at 573 K for Ih. Lines are 
drawn through the data points for visual 
guidance . 



LIST OF TABLES 


Page No . 


Table 2.1 Resolution function of the spectrometer used 76 
in the present work. 

Table 3.1 Solid electrolyte materials 91 
Table 3.2 Some polymer electrolyte materials 119 
Table 4.1 Temperature dependence of positron lifetime 154 


parameters in polymer electrolyte 

PE0:NH^C10_^ (80:20 wt . %) obtained from 

PATFIT analysis . 

Table 4.2 Temperature dependence of positron lifetime 165 

parameters in polymer electrolyte 

PEOrNH^ClO^ (80:20 wt . %) obtained from 

CONTIN analysis . 

Table 5.1 Temperature dependence of positron lifetime 191 

parameters in polymer electrolyte PEO:NH^I 
(NH^\E0 « 0 . 076) obtained from. PATFIT 

analysis . 

Table 5.2 Temperature dependence of positron lifetime 207 

parameters in polymer electrolyte PEO:NH^I 
(NH^\E0 ~0 . 076) obtained from CONTIN analysis. 

Table 6.1(a) Temperature dependence of positron 235 

lifetime parameters in epoxy polymer 

(DGEBA+TETA) during the heating cycle 

obtained from PATFIT analysis . 

Table 6.1(b) Temperature dependence of positron 236 

lifetime parameters in epoxy polymer 
(DGEBA+TETA) during the cooling cycle 

obtained from PATFIT analysis. 

Table 6.2 Temperature dependence of positron lifetime 243 

parameters in an unsaturated polyester (cured 
by MEKP and cobalt octate) -obtained from 
PATFIT analysis. 

Table 6.3 Temperature ■ dependence of mean positron 


252 



XXI 


lifetime parameters in epoxy polymer 
(DGEBA-rTETA) during the heating cycle 
obtained from CONTIN analysis. 

Table 7.1 Positron lifetime parameters in AI-AI2O2 
composites containing different weight 
percentage of Al^O^ particles in the matrix 


275 



CHAPTER 1 


INTRODUCTION 


1. 1 Positron and positron annihilation 


The most thoroughly characterized antiparticle is the 

antielectron, i.e., the positron. The existence of positron was 

theoretically predicted by Dirac [1] in 1930 from the solution of 

a relativistic wave equation for an electron. The relativistic wave 

equation for an electron with total energy E has two permissible 

solutions E = ± (p c + m c ) ' where p is the momentum of the 

electron, m the rest mass of th'e electron and c is the velocity of 

light . Therefore in the absence of any external field electrons 

may have energies of ±mc to ± « . His theory, therefore, predicts 

that both positive and negative energy states are admissible for 

electrons. He proposed that all negative energy states are 

normally occupied by electrons and all positive energy states are 

empty (Fig. 1.1) . Any transition form the positive energy state to 

the sea of negative energy state is forbidden in order to satisfy 

the Pauli's exclusion principle. The negative and the positive 

2 

energy states are separated by an energy gap of 2mc . Therefore, 
it is possible to excite an electron from the negative energy 
state to the positive energy state by imparting an energy E > 2mc^ 
to the electron. When such an electron is excited to the positive 
energy state, a 'hole' is left in the' midst of the occupied 
negative energy states. This 'hole' behaves as a particle with 
mass equal to that of electron and charge +e . 



Fig. 1.1 


The 'hole' theory. 

(a) All negative energy states are occupied 

(b) Incident r-ray causes a transition from negative 
to positive energy states and leaves back a hole 
(pair production) 

(c) The positive energy electron falls back into 
the hole releasing energy 2mc in the form of 
T-photons (annihilation) 
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Similarly if there is a hole in the negative energy sea of 

electrons, an electron from the positive energy state could fall 

into the vacant negative energy state and then both the electron 

and the hole will disappear (annihilate) and an equivalent amount 

2 

of energy ~ 2mc of the electron-hole pair will appear in the form 
of electromagnetic radiation (gamma rays) . Based on this theory, 
Dirac in 193 0 predicted the existence of a particle, which could 
either be interpreted as an electron with positive energy or as 
positively charged particle, with mass equivalent to that of an 
electron . 

In 1933, Carl Anderson [2-4] observed a new particle for the 
first time in a cloud chamber photograph of cosmic ray showers 
having the same mass as that of electron but with opposite charge. 
This particle (equivalent to that of hole in Dirac's theory) was 
called 'positron' . The discovery of this new particle was soon 
confirmed by Blackett and Occhialini [5] . It was subsequently 
shown by Thibaud [6] that the electron and positron masses are 
exactly equal. Annihilation of the positron with an electron with 
resultant conversion of the mass of the two particle into 
electromagnetic energy was found soon after the discovery of 
positron [7-9] . It was later found that positrons were also 
emitted by radioactive nuclei in decay. After the discovery of 
positron, early experimental work was mainly devoted to test the 
basic laws of quantum electrodynamics governing the 
electron-positron interactions and consequently annihilation of 
positrons . 

One of the well-known conversion of electromagnetic energy to 
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mass is pair production. Pair production is conversion of 

high-energy photon into a pair of a positron and an electron by 

interaction with the electric field of a nucleus. For pair 

production to occur the photon must have an energy of at least as 

2 

great as the mass equivalent of a positron and electron, 2mc = 

1.02 MeV. Any excess energy is carried away by the positron and 
the electron. 

1. 2 Properties of positron 


Positron is an antiparticle of electron with mass equal to 

that of electron but with a positive charge +e . A positron is 

stable in vacuum. Upon entering matter positron may annihilate 

with an electron and produce electromagnetic radiation. When a 

positron collides with an electron, the electron has a high 

probability for making a radiative transition to the negative 

energy level. This transition results predominantly [10,11] in the 

conversion of mass of the electron and the positron into 

2 

electromagnetic radiation of total energy = 2mc + + E_ 

where E_^ and E are the kinetic energies of positron and the 
electron respectively. 

1.3 Interaction with matter 


Although positrons are quite stable in vacuum, they have very 
short lifetimes in matter. Upon entering matter, the positron can 
cause excitation, ionization etc. similar to the electron using 
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most of its kinetic energy in undergoing collision with the atoms 

of the matter. It has been shown theoretically that in material 

medium positron is quickly thermalized as a result of collisions 

with atoms, and slows down to thermal energy in a very short time 

“12 

of the order of a few ps (10 s) [10,11] . After living in thermal 
equilibrium, positron finally annihilates with electrons from the 
surrounding medium within a very short time (~10 ^^s) . However 
this time is quite long compared to the atomic response time, and 
hence they are used as probe particles for understanding atomic 
phenomena. The annihilation results in the emission of one, two, 
three or more photons, with net energy equal to sum of the rest 
mass energy of the electron-positron pair and their kinetic 
energies before annihilation. 

1.4 Direct annihilation 


The positron may annihilate with an electron either directly 
or may form a bound state before annihilation. The process where a 
positron annihilates with an electron without any intermediate 
step, is known as the direct annihilation of the free positron. 
Distinct selection rules, based on the invariance properties of 
quantum electrodynamics, govern the number of photons or quanta, 
that can be emitted in the annihilation of a free positron with an 
electron [12] . One photon (Ir) annihilation occurs only when there 
is an interaction of the positron-electron (e*- e”) pair with some 
nucleus or electrons which can absorb the recoil momentum. Most 
common way of annihilation is into two (2r) or three (Sir) photons. 



6 


The properties and the number of emitted photons depend on the 
relative spins of the e"^- e~ pair. In order to conserve momentum, 
energy, parity and other symmetries of the annihilating particles, 
two or even number of photons are emitted when the relative spins 
between the annihilating particles are antiparallel (i.e. in 
singlet state ) and three or odd number of photons are 
emitted when the relative spins between the annihilating particles 
are parallel, (i.e. in triplet state ( S^) ) . The total energy of 
the annihilating particles is shared by the radiation photons. The 
cross-section for the three-photon annihilation is more than two 
orders of magnitude smaller than that for the two-photon process 
i.e. smaller by factor of a ^ where a (= 1/13 7) is the fine 
structure constant. The probability of multiple-photon 
annihilation decrease sharply with increasing multiples. 

Two-photon annihilation is the most common annihilation 
process. The relative number of 2Tf:37f photon annihilations depends 
on the singlet-to-triplet interactions and their annihilation 
rates. The singlet state has a total angular momentum J = 0, hence 
the z-component of angular momentum m, is 0 . The triplet state has 
a total angular momentum J = 1 and hence m = 0 , ±1 . Thus 
statistical ratio of the singlet to the triplet interaction is 
1:3 . 

A free positron may interact on the average with more than 
one electron depending on the electron density of the medium. The 
free annihilation lifetime is generally between 1 to 5 x 10"^*^ s 
i.e. 100 to 500 ps . 
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1. 5 Bound- state/positronium annihilation 


In molecular substances (solids and liquids) , positron may 
form a relatively stable (bound) state 'atom' with an electron. 
This (e"*”- e ) bound state, which is very much like a hydrogen atom 
with a positron replacing the proton, is called "positronium or 
Ps". Ps is a metastable state and may decay with a lifetime as 

-7 

large as 1.4x10 s. Positronium atom has the following properties: 

(i) the Bohr radius is about twice the corresponding Bohr radius 
of hydrogen atom i.e. 1.06 A, 

(ii) the reduced mass is m/2, where m is the rest mass of the 
electron, 

(iii) the ionization potential is 6.8 eV, 

(iv) the first excited state has an energy equal to “5.1 eV, and 

O 

(v) the wavelength of Lyman a-line is 2430 A. 

Ps exists in two ground states, the singlet state (^Sq) or 
para-Ps (p-Ps) with relative spin orientations of the e'*’- e pair 
antiparallel (txl^ triplet state ^ ^ 1 ^ ortho-Ps 

(o-Ps) with parallel spin orientation ('["'f') . The p-Ps decays into 
two photons, whereas the o-Ps decays into three photons. In the 
ground state, Ps is an admixture of the ortho (^S^) and para (^S^) 
states in the ratio 3:1 or 

Ps = I (o-Ps) + I (p-Ps) (1.1) 

where Ps on the left hand side stands for the total number of Ps 


atoms formed. 
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When positronium is formed in excited state ( 1 > 0) it 
decays to the ground state (1=0) by optical de-excitation and then 
annihilates into two or three photons. 

1. 6 Lifetimes for 2-photon and 3-photon annihilation process 

1.6.1 2-photon annihilation process 

Dirac [1] calculated the cross-section for 2-photon 
annihilation in the limit v << c (it has been found that 
positrons are always thermalized and come to room temperature 
energy before annihilation) to be 

2 

nr c 

cr = (1.2) 

2 2 

where r ( = e /me ) is the classical electron radius , m and v 

O 

are the mass and velocity of the positron respectively and c is 
the velocity of light in vacuum. 

Normally the rate of free annihilation depends on the 
cross-section a as well as number of electrons (n) in the 
surrounding medium. If n is the number of electrons per cm^, then 
the rate of positron annihilation 1 is given by 

2 

X = ernv = nr nc ( 1 - 3 ) 

O 

or 

X = 4.5 X 10^ (Zd/A) s~^ (1.4) 

where d, Z and A are the density, atomic number and atomic weight 
of the medium. The mean lifetime for such a annihilation process 
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in metals is therefore 

T = = 1.25 X 10'^° s (1.5) 

1.6.2 3-photon annihilation process 

The ratio of mean lifetimes for 3 -photon annihilation to the 
2- photon annihilation process was found by Ore and Powell [13] to 
be 


T (2r) 
T (3r) 


( TT^- 9 ) oc 

9 TT 


( 1 . 6 ) 


where a (= is the fine structure constant and r (2^) = 1.25 x 

10 s. Hence the mean positron lifetime in the 3 -photon 

annihilation process comes out to be 

T (37) = 1.4 X lO""^ s (1.7) 

Thus the ratio of the 27 (singlet) to 3r (triplet) 
annihilation rate [14] is approximately 1115:1. Since, the 
statistical ratio of the singlet to triplet interaction is 1:3, 
the ratio of probability of two-photon (singlet) to three-photon 
(triplet) annihilation resulting from free-positron interaction 
with electron is 1115:3 or 372:1. 

Because of many factors e.g. Coulomb attraction between e 
and e'*', nuclear repulsion, Pauli's exclusion principle and other 
effects [15] , it is difficult to calculate the effect of electron 
density on f ree-annihilation rate. But it is obvious from eq.(1.2) 
that greater the electron density, greater will be the 
annihilation rate and shorter will be the mean lifetime of free 
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positron annihilation. 

1. 7 Factors controlling the positronium formation and decay 

Positronium formation in a medium is governed by many factors 
e.g. electron density, space available for positronium to be 
accommodated etc. It has been found experimentally that 
positronium formation is more favourable in molecular solids, 
liquids, amorphous solids and polymers, disordered solids and 
gases, whereas positronium formation is unfavourable in metals and 
ionic crystals. The large electron density available in metals 
render direct annihilation as the most probable process. In ionic 
crystals, positronium formation is energetically not possible. In 
the case of molecular substances, liquids, amorphous and 
disordered solids, positronium formation is possible due to the 
availability of empty space (free volume) . A detailed discussion 
of positronium formation and its subsequent annihilation in 
molecular substances has been reported by Tao [16] . 

Several models were proposed for the positronium formation in 
molecular solids, liquids and gases including the "Ore-model" [17] 
of Ps formation in gases, the "spur-model" of Ps formation in 
liquids and molecular solids [18] and the quantum mechani*cal model 
of Ps decay rate in porous and polymeric materials [16,19] . 

The energy of positron also plays a vital role in deciding 
whether positronium formation in a substance would be possible or 
not. Ore [17] in his model has discussed the energetics of 
positronium formation in gases. In order to form positronium (Ps) 
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in gases, the positrons emitted by radioactive decays, should 

possess certain threshold energy which is just enough to extract 

an electron from the molecule of a gas, after losing most of it's 

initial kinetic energy (~ 10 -100 KeV) through different collision 

processes with matter. If is the ionization potential of the 

molecule of the gas, then the energy range in which Ps fomation 

may occur is between I to (I -6.8) eV (Fig. 1.2), where 6.8 eV is 

P P 

the binding energy of the e"*”- e pair released during Ps 
formation. However, presence of an excitation level, E, within the 
energy interval I and (I -6.8) eV increases the excitation 

p p 

cross-section resulting in lesser formation of Ps, thus setting an 
upper limit on the energy of positron to form Ps . Therefore, those 
positrons whose energies lie within the interval between (1^ -6.8) 
to E eV (Fig. 1.2) are expected to form positronium. This energy 
gap between (I -6.8) eV to E eV, is called the 'Ore gap'. The 
probability, P, of Ps formation in gases, therefore, is given by 


6 . 8 


P P 


6 . 8 ] 


E 


( 1 . 8 ) 


The probability of Ps formation remains practically constant in 
the range (1^ -6.8) -E eV. There has been some success achieved for 
the above model in gases [20] . 

This picture of Ore gap is somewhat modified for the case of 
condensed matter because of changes in the parameters of the 
Ore-gap due to the different unknown affinities of the medium for 
electrons, positrons and the positronium atoms in the crystal 
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o 



Fig. 1.2 Hypothetical dependence of Ps formation probability 

in Argon gas as a function of positron energy [taken from Ref. 14] . 



lattice. Solute or solvent molecules may decrease the probability, 
P, owing to positron capture processes and inelastic processes, 
which remove the positron from the above-mentioned energy 
interval, the so-called Ore gap. Ferrel [15] thus modified this 
Ore model to find the probability of positronium formation in 
condensed media by including in his model the affinities of the 
positrons and of positronium to molecules in condensed medium. 

In the "spur model", as proposed by Mogensen [18], it is 
assumed that Ps is formed as a result of a spur reaction between 
the positron and a secondary electron in the positron spur. The 
concept of spur came from radiation chemistry. Upon entering the 
matter, the positron will lose the last 50-200 eV of its kinetic 
energy in creating a spur of excess electrons plus the 
corresponding positive ions. A spur can, therefore, be defined as 
a group of reactive intermediates (positron, excess electrons, 
positive ions, etc.) which are so close together that there is a 
significant probability of their reacting with each other before 
diffusion into the bulk medium. The electrons will lose their 
initial of 10-50 eV by travelling a distance of the order of the 
spur size constant b. Similarly the positron will also lose its 
last 10-50 eV by travelling over the same distance b. Ps is formed 
when such a thermalized positron is under the Coulombic attraction 
of an electron in the radiation spur created by the positron so 
that they move together. However the process must compete with the 
recombination of electrons and the positive ions and also with the 
diffusion of electrons out of the spur. Reactions in the spur of 
the electrons or of positrons with the solvent molecules or with 
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scavengers will also decrease the Ps formation. Chemical reactions 
in the spur will also modify the Ps formation. The model indicated 
a correlation between the positronium formation probabilities and 
the properties of excess electrons studied in radiation chemistry 
[ 21 , 22 ] . 

The properties of the spur have attracted much attention in 
radiation chemistry. This model also explained the fact that the 
fractions of Ps formation in simple liquid hydrocarbons are much 
higher than the simple Ore Gap theory. However its usefulness is 
somewhat qualitative. A modified spur model was also proposed in 
order to bridge the gap between the Ore Gap and spur models [23] , 
details of which are beyond the scope of this thesis. 

The quantum-mechanical model of Ps annihilation in molecular 
solids and liquids will be discussed in Sec. 1.10.1. 

1. 8 Quenching 


Quenching refers to any means by which the Ps lifetime is 
shortened from its self-annihilation lifetime. As already 
discussed, the decay rate for the Sy-annihilation is very slow as 
compared to the 2-ar- annihilation by a factor of 1115 in free space. 
However in condensed matter the state of the positronium atom can 
change from ortho-to-para state as a result of collision with the 
surrounding medium, resulting in a faster decay by the 
2r-annihilation. All processes which bring about such conversion 
from ortho-to-para state are termed as quenching processes. The 
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four important processes which can induce quenching are 

(i) Spin-flip quenching 

(ii) Pick-off quenching 

(iii) Paramagnetic quenching 

(iv) Magnetic quenching 

(i) Spin-flip cruenchina : Spin-flip quenching [24] refers to those 
processes in which there is a spin reversal of electron with 
respect to positron in o-Ps because of scattering with the 
molecules of the medium. As a result of spin reversal, the o-Ps 
changes to p-Ps. Since decay rate of p-Ps is much faster than 
o-Ps, the lifetime gets shortened (some p-Ps may get converted 
into o-Ps, but relatively small para-to-ortho conversion can. occur 
due to greater annihilation rate of p-Ps) . Statistically the 
probability for such spin- flip is very small and hence quenching 
does not occur very frequently. 


(ii) Pick-off quenching : During collision of o-Ps (with parallel 
spin) with another atom or molecule, the positron may interact 
with an electron of the antiparallel spin (with sufficient overlap 
of positron wavefunction in Ps with the external electron) and 
may annihilate with the external electron with a rate approaching 
that of the p-Ps [25] . Hence the positron in positronium "picks 
off" an electron from the surrounding medium. The phenomenon 
reduces the lifetime of o-Ps from 140 ns to a few ns or less in 


the condensed phase, depending upon the molar density of the 
medium. Green and Lee [14] have calculated this pick-off 

, 9 _i 

annihilation rate, ^p^^j^off equal to 2x10 s i.e. the mean 
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lifetime is of the order of 10 s. Pick-off quenching becomes less 
prevalent as the free volume in a system increases, thus 
temperature and phase changes that result in a higher free volume 
will result in a lower rate of pick-off and a relatively longer 
o-Ps lifetime [26] . Pick-off quenching occurs to some extent in 
all substances, but it is more prevalent in the solids and the 
liquids which lack unpaired electrons. Therefore the study of 
lifetime d/^pj_ckoff^ fraction of such process is of great 

significance in understanding the mechanism of positron 
annihilation in condensed matter. 

(iii) Paramagnetic quenching : Paramagnetic systems e.g. NO, NO^ 

and 0^ and most of the transition-metal cations and complexes have 
unpaired electrons. The unpaired electron of the paramagnetic 
molecule can replace the electron of the o-Ps such that it decays 
via p-Ps [27] . This process is illustrated by the following 
equation, 

M|t| + o-Ps \ii;\ > M m + p-Ps It;t| (1.9) 

The symbol (^) refers to the direction of electron spin and 
(:j;) to the direction of positron spin. M is the paramagnetic 
molecules having an unpaired electron. The effect of conversion 
quenching is to yield an o-Ps lifetime less than 140 ns. 

(iv) Magnetic quenching : It has been observed [28] that the 

presence of external magnetic field enhances the two-photon 
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annihilation. By the presence of a magnetic field the S=1 state of 
o-Ps splits up into three substates with m= 0,±1. The state S=l, 
m=0 of o-Ps is mixed during part of its lifetime with the S=0,ra=0 
(p-Ps) state. This causes an equality between the singlet and 
one-third of the triplet states. Hence one-third of the o-Ps can 
decay by two-photon emission at the same rate as p-Ps with 
magnetic field absorbing the unbalanced momentum. A radio 
frequency signal corresponding to the magnetic substate splitting 
in the magnetic field enhances this type of quenching [2 9] . 

Processes other than the four mentioned above can also induce 
quenching or alter the quenching rate of Ps-atom. They may be 
either due to the application of external electric 
field [15,28,30,31] or may be due to chemical reaction between Ps 
and one of the active species in the matter [32] . In some cases, 
the application of external electric field may enhance the Ps 
formation [28] , while in others this may reduce the Ps formation 
[30] . 

Out of all types of quenching processes discussed 
above, pick-off quenching is the most important process. Other 
processes are not very common and they are effective only under 
certain conditions . The positron annihilation processes discussed 
in the previous pages can be illustrated with the help of the 
flow-diagram shown in Fig. 1.3. 

1.9 Positron annihilation in metals 


In metals, the presence of large density of free conduction 
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electrons renders the direct annihilation as the most probable 
process. The lifetime is determined by the average density of 
electrons at the site of the positron in the ground state of the 
one-positron many-electron system. Because of its charge, 
positrons are repelled from the positive ions at the lattice 
sites; thus it mainly annihilates with the electrons in the 
conduction band and, to a lesser extent, with core electrons. 
However open-volume defects (such as monovacancies and larger 
vacancy clusters) , voids and dislocations present in metals, can 
alter the lifetime of positrons from that of the free annihilation 
rates depending on the types of defects present . This is because 
of the trapping of positrons in the defects. The trapping of 
positrons in defects depend on the nature of the defects and the 
resulting positron annihilation spectra have been explained by the 
so-called "trapping model" [33,34]. 

If the defects are of a void type, the average electron 
density of the surrounding electron cloud sensed by the "trapped" 
positron will be less than that for the "free" positron resulting 
in an increase in the average lifetime. If the defects are of 
electron-carrier type, the average electron density of the 
surrounding electron cloud sensed by the "trapped" positron may be 
higher than that for the "free" positrons resulting in the 
decrease in the average lifetime. If the positrons are deeply 
trapped and the trapping is the only major alternative in addition 
to the annihilation of "free" positrons, then the processes can be 
mathematically represented by the rate equations [35] (for only 
one type of defect in the sample) as 
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dt " "^f^f " ^ 

( 1 . 10 ) 

dt = -^t^t ^ ^t^f 

where n^ and n^ are the number of positrons annihilating with 
rates and A.^ from free and trapped states respectively, is 

the concentration of the trapping defects and v is the trapping 
rate of positrons by the defects. By solving the rate equations, 
one can find the defect concentration from the observed positron 
annihilation lifetimes in metals. 

1.10 Positronium and molecular substances 


In polymers and other molecular substances, positron 
annihilation takes place both due to the direct annihilation of 
positrons with electrons as well as through the formation of 
positronium atom. As already stated, positronium formation is 
favoured in these substances due to the presence of free or empty 
spaces. In general, lifetime spectra in such materials consist of 
three or four lifetime components, arising due to different modes 
of positron annihilation processes. In case of three -component 
lifetime spectra, it is generally believed [36] that the three 
lifetimes correspond to the three positron and positronium states 
existing in the material. The longest lifetime component (~ 1-10 
ns) is believed to be due to the pick-off annihilation of o-Ps. 
The shortest lifetime of the order of 100-200 ps arises due to the 
p-Ps annihilation and the intermediate lifetime of the order 
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200-500 ps is due to free (unbound) /direct annihilation of positron 
with electrons of the matter [3 6] . Some researchers usually 
describe the lifetime spectra into four lifetime components. In 
this case the shortest lifetime component is assigned to the 
annihilation of p-Ps and free positron respectively. The largest 
lifetime component (~ ns) arises from the pick-off annihilation of 
o-Ps. Exact physical significance of the third lifetime is still a 
matter of debate'. Recent work of Consolati [3 7] and Consolati and 
Quosso [38] indicates that this component is a quasi-positronium 
(q-Ps) species i.e. it is a correlated electron-positron ^air 
'swollen' with respect to o-Ps. 

Attempts have been made to understand the pick-off behaviour 
of the positronium in the molecular substances. Story [39] 
suggested a correlation between the o-Ps in a number of plastics 
to their dielectric constant. .Khan [40] suggested a correlation 
between the lifetime of o-Ps in a number of polymers with 
molecular cohesive energy density. Gray et al. [41] found that the 
quenching cross-sections of the o-Ps in the n- alkanes correlate 
directly with the electron polarizibility of the molecules. 
Measurements of other classes of organic liquids have shown a 
similar relationship of positronium pick-off in molecular solids. 

In 1960, Brandt et al. [26] proposed a theory to explain the 
observed positron lifetimes and their variation with temperature 
in molecular solids and polymers. The concept underlying their 
theory was based on the solid-state cell model which assumed the 
Bloch state of Ps to be distributed in the interstitial regions of 
the molecular lattice or polymer arrays . They called this 
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interstitial region as the "free volume", which was defined as the 
cell volume minus the excluded volume. The wavefunction of the 
positron in the field of electron was replaced by the wavefunction 
of the positronium atom. The annihilation lifetime is determined 
by the overlap between the Ps and the electron wavefunctions . 
Since the electron wavefunctions could not be calculated at that 
time, they adopted a Wigner-Seitz cell model approximation and 
calculated the wavefunctions for Ps for different lattice 
structure. This model is expressed schematically in Fig. 1.4. This 
theoretical model is also called the 'free volume' model since 
free volume (as described in their theory) was used as one of the 
parameters in the calculation. 

Although the Brandt -Berko -Walker theory of Ps/free volume is 
very different from the general concept of free-volume holes and 
of 'free volume moving' spaces in polymers, it gave a very 
important and general guideline for positron annihilation in 
molecular systems, and laid the foundation for the development of 
positron annihilation research in polymers and other molecular 
solids. In polymers, one considers the free volumes to be 
fast-moving holes, which was considered to be a static 
interstitial space in Brandt's theory. However the important 
result derived from Brandt's theory is that a larger volume gives 
a longer Ps lifetime. A direct connection between the bulk volume 
and the expansion of free volume holes was also predicted. 
Therefore this theoretical prediction of Ps lifetime in relation 
to volume changes is quantitatively correct . For nearly thirty 
years, this theory has been the foundation for the interpretation 
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of all positron annihilation data in polymers. 

The present model of Ps annihilation in molecular, polymeric 
and other similar porous materials based on the theory proposed by 
Tao [16] and others [42,43], will be discussed in the next 
section . 


1.10.1 Existing model - spherical holes 

In a system composed of neutral atoms or molecules, if <p is 

+ 

the positron wavefunction in the electron field to which it is 
bound as o-Ps, and (p_ is the wavefunction of all electrons in the 
medium, then the observed positron annihilation lifetime, t, is 
the reciprocal of the integral of the positron and electron 
densities, and \(p | respectively at the site where the 

annihilation takes place [26] and 


A 



c 


(f>* (r) 0*(r) <p^{x) <p_{r) dr 


( 1 . 11 ) 


where c is the speed of light and r is the classical radius of 

O 

the electron. In order to understand the experimental o-Ps 
lifetimes, one must relate the electron and the positron densities 
with the molecular dimensions . The exact solution of (p^ and <p 
pose a difficult intractable quantum-mechanical problem. At this 
moment, only an approximate approach is feasible. 

Using a zero-velocity approximation and neglecting the 
polarization between Ps and the lattice electrons, one can replace 
(p (r) in eq. (1.11) by 0^ (r ) , where 0_ (r ) is the wavefunction 
of the Ps atom at the center of mass. Therefore eq. (1.11) can be 
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written as 





c 


0pg(r) 0*(r) 9^pg(r) 0_(r) dr 


( 1 . 12 ) 


If the wavefunction <p_ (r) arises from an average electron density 
of p_, one can further simplify the above eq. (1.12) as 

-1 


T = 


= I nr c p 

O 


'^Ps(^) dr 


(1.13) 


Therefore one can obtain the value of z in eq. (1.13) by 

solving explicitly for for a suitable potential (usually a 

square well or spherical well type of potential) with proper 

boundary conditions which will appropriately represent the 

molecular forces involved. Tao [16] thus considered a simple model 

in which a Ps particle resides in a spherical well with radius • R , 

0 

having an infinite potential barrier. The radial part of the 
Schrodinger equation for the center-of -mass motion of Ps in the 
ground state for such a spherical well potential is given by 


§ 


Ps 


(2TrR ) 
0 _ 

r 


1/2 


sin 



= 0 


for 0:£ r R 

o 

elsewhere 


(1.14) 


The calculation of the annihilation rate will, therefore, 
require the electron density p . Instead of pursuing a calculation 
of p for electrons, Tao [16] and Eldrup et al . [42] used a 
semi-empirical approach and assumed that the positronium 
annihilate in a homogeneous electron layer of thickness AR = R -R 
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inside the well surrounding the region. The probability, P, that 

the o-Ps in the ground state is located inside the electron layer 
is thus given by 


P 



dr / 



2 ^ 
r dr 


= 1 



(2tt) ^sin 



(1.15) 


(1.16) 


This simple quantum-mechanical model of Ps confined in a spherical 
box is schematically shown in Fig. 1.5. Following Eldrup et al . 
[42] in assuming the annihilation rate of o-Ps inside the electron 
layer as 2 ns (i.e. the spin averaged annihilation rate of p-Ps 
and o-Ps) , which is very close to the annihilation rate of Ps" 
[44] , the o-Ps annihilation lifetime, t, as a function of hole 
radius, R, is then given by [43] 



(1.17) 


where R and x are expressed in A and ns. In eq. (1.17) , R = R + AR, 

O 

where AR is an empirical parameter. Nakanishi et al . [43] 

determined AR by fitting the observed x with the known cavity 
sizes in molecular substrate. The best-fitted value of AR for all 
known data was determined to be 1.656 A [43] . A correlation 
between x of o-Ps and cavity size (spherical) [45] is shown in 
Fig. 1.6. In recent years, eq. (1.17) has been extensively used to 
correlate the observed o-Ps lifetimes with the radius of the 
spherical holes in polymers, zeolites and other molecular 
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Fig. 1.4 Schematic diagram of Ps distribution according to 
the Brandt -Berko-Walker free-volume model of Ps decay in molecular 
substances [taken from Ref. 26] . 
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Fig. 1.5 A schematic diagram for a semi -empirical quantum 

model for Ps localized in a spherical box with radius [taken 
from Ref . 45] . 



substrates [44,46]. Further developments by including a finite 
potential depth instead of infinite potential in the above model 
has been made by Nakanishi and Jean [47] , which gave almost 
similar results. 

1. 11 Free volume and positron annihilation in polymers 

The existence of free volume in polymers has been postulated 
for more than four decades [48] . The explanation of viscoelastic 
properties in polymeric materials has been based on the 
free-volume theory [49] which describes the kinetic and dynamical 
behaviour of polymeric molecules and free volume in the matrix. 
More details on free-volume properties in polymeric materials is 
discussed in Chapter 3 . 

The study of open spaces can offer investigation of many 
properties which the study of bulk cannot. One of the special 
advantages of utilizing polymeric materials in industries is their 
mechanical flexibility in engineering processing. And this special 
property in polymeric materials was thought to be due to the free 
volume present in polymers [50,51] . In 1959, Cohen and Turnbull 
[52] used the concept of free-volume holes to explain the 
diffusion in liquids as a function of temperature and pressure and 
defined the free volume to be the volume difference between the 
space of the molecular cage made by the surrounding molecules and 
the Van der Waal volume of the molecules in the cage. Therefore a 
free volume in a polymer is a moving open space in a molecular 
matrix. The existence of free volume in a polymer is crucial 
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because it allows a polymer to relax under external forces. 

Although the concept of free volume in polymers has been 
known for nearly a century, the experimental determination was not 
possible for a long time due to two facts 

(i) the size of the free volume is very small, of the order of A, 
and 

(ii) the time involving the motion is very small of the order of 

-13 

10 s or larger. 

Consequently in the early stages [52] the free volume was 
merely thought to be a theoretical concept which could not be 
measured experimentally. It could only be deduced from other 
indirect measurements such as specific volume experiments, or 
model calculations, such as the Van der Waal dimensions of 
molecules [53] . Polymer scientists therefore often describe any 
unexplained phenomenon as an effect of the free volume. 

In spite of great deal of research done in the past decade to 
understand the physical properties of free volume, only limited 
information about the hole size, concentration, and shape were 
available. In fact reports of direct experimental observations of 
these parameters are essentially non-existent- But it is now 
possible to probe such small sizes, moving free spaces or 
free volumes using probes such as, 

(i) photochromic and fluorescent spectroscopy, 

(ii) small angle X-ray diffraction and neutron diffraction, and 

(iii) positron annihilation spectroscopy (PAS) . 

Photochromic labelling technique by site-specific probe was 
developed to monitor the rate of photoisomerizations of 
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characterized probe and determination of free -volume distributions 
[54-56] . Similarly, small angle X-ray diffraction and neutron 
diffraction techniques were also used to determine the density 
fluctuations in polymers from which free-volume sizes were 
calculated [57,58] . However, X-ray and neutron diffraction methods 
become very difficult for hole sizes below 10 k, whereas the 
photochromic and fluorescent method induces additional 
perturbation by incorporating a sizeable probe into the holes, 
thus the extracted information about the hole size can only be 
considered as roughly estimated values. Other important probes, 
such as scanning tunneling microscopy and atomic force microscopy 
are sensitive to A sizes but are limited to a static hole on the 
surface. Scanning electron microscopy and transmission electron 
microscopy are more sensitive to static holes at a size of ten A 
or larger. 

In this regard, positron annihilation is an ideal nano-probe 

which has been developed to directly determine and measure local 

free-volume hole properties in polymeric materials [59] . Positron 

annihilation is uniquely sensitive in probing the free volume in 

polymers and other molecular substance. The unique sensitivity of 

positron annihilation in probing the free-volume properties in 

polymers and similar molecular solids is mainly due to the fact 

that Ps is found to be preferentially localized in the free-volume 

regions ^ of polymeric materials. Also because of the relatively 

0 

small size of Ps probe (1.06 A) compared with other probes, PAS is 

O 

particularly sensitive to small holes and free volumes of A size, 
and within a time of molecular motion from 10 s and larger. 
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Contrary to other probes PAS is capable of determining the holes 
and free volumes in polymers without any significant interference 
by the bulk . 

Unlike conventional probes such as neutron, photon and 
electron, the positron is a strongly interacting probe. The 
process of e - e annihilation is governed by interaction at the 
zero range i.e. the overlap between the positron and electron at 
the same position. In this technique [59], one employs the positron 
as a probe and monitors the lifetimes of the positron and 
positronium (Ps- bound state of e -e"^) in the polymeric material 
under study. Because of the positively-charged nature of the 
positrons, the positron and Ps are repelled by the positive 
ion- cores of polymers and are trapped in open spaces, such as 
holes, the free volumes and voids (Fig. 1.7) . In other words, the 
positron will naturally favour those regions which the electron 
does not, i.e. open spaces. Thus the study' of positron 

annihilation becomes meaningful because of localization (or 
trapping) of the positron in the open spaces and free volume in 
polymers . Further these Ps atoms are unstable and they annihilate 
within the free volume region and hence the annihilating photons 
that come from these open spaces carry information about the free 
volume . 

In molecular systems, a large fraction of Ps formation is 
observed in the free-volume regions. The long lifetime of o-Ps 
gives us a great advantage of quantifying the lifetime results . 
Since Ps is localised in the free-volume holes, one expects to 
correlate the hole dimension with the measured lifetimes. 
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Therefore measuring the positron lifetimes in these materials not 
only gives information about the size and fraction of free -volume 
holes, but gives the free-volume hole size distribution in the 
range 1-10 A also. This has become possible due to recent 
development of Laplace's inversion technique [60] incorporated 
into a computer program [60,61] for the analysis of the measured 
lifetime spectra in terms of continuous lifetime distribution. 
Further these positron lifetime distributions can be converted 
into free-volume hole radii and volume distributions. In this 
manner one can experimentally study the free-volume properties of 
polymers using positron lifetime technique and such experimental 
studies, specifically measuring the variation of free volume with 
temperature [62,63], pressure [64-66], physical aging and 
structural relaxation [67,68], stress -induced structural 
deformations [69], degree of crystallinity [70] etc. have been 
reported in the literature. 

Theoretical treatment using molecular dynamics simulation and 
kinetic theory [71,72] has predicted that the radii and the 
hole -volumes of the free volume in a polymer exist as a 
distribution. Experimentally the dependence of these distribution 
on pressure [64,65] and temperature [62] have been determined with 
positron lifetime techniques, combined with the Laplace's 
inversion technique [60,61] for data analysis. Interestingly, the 
range of values for the hole radii distributions obtained from 
positron annihilation agrees fairly well with theoretically 
calculated values for known polymers. All these results provide 
evidence that the Ps are usually localised in the pre-existing 
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local holes and free-volume holes in polymers. 

1.11.1 Ps-hole theory in polymers 

Two types of holes must be considered in positron 

annihilation studies. They are either static and pre-existing or 

dynamic and transient. The former is considered as defect type 

volume and the latter is the free volume in polymers . The origin 

of free volume in polymers is a composite result from molecular 

relaxation among chains and terminal ends . Creation time for the 

-13 

holes can be as short as 10 s and larger ; i.e. the vibration 
and rotations of bond. Since positron lifetime is of the order of 
10 the majority of free volumes can be probed by positron 
annihilation. Both "static" and "dynamic" holes (longer than 
10 ^^s) are favourable trapping sites for Ps and positrons. 

Another important aspect of Ps-hole theory is the hole size 
required to trap Ps . The simple spherical hole model (i.e. Ps 
resides in a spherical hole radius R having an infinite potential 

O 

barrier) described in sec. 1J.0. 1 gave a relatively good 
correlation between the hole radius and the o-Ps lifetime in known 
polymers. In reality, the shape of a free-volume hole is known to 
be non- spherical . Jean and Shi [73] presented a newly developed 
relationship between the o-Ps lifetime and the anisotropic hole 
dimensions for an ellipsoidal free-volume hole, present in 
polymers which are either deformed or anisotropic in nature . 
However under normal circumstances, polymers are mostly isotropic 
and the Ps-hole model based on spherical hole dimensions is 
adequate for that matter. 
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Shortly after the positron annihilation lifetime technique 
was established , positron annihilation was applied to polymeric 
systems. However, only a few studies were made in the early years 
[74] . This was due to the lack of any understanding about the 
nature of interaction of positrons with such materials and the 
information thus obtained from such studies. Most of the earlier 
studies were confined to the study of temperature dependence of 
positron annihilation lifetimes in polymers such as polystyrene, 
polyvinyl chloride, etc. [74] . The field of polymer studies using 
positron annihilation spectroscopy has been revived only recently 
[46,75] and has again attracted considerable interest in the 
scientific community. This ds due to the new role that positron 
annihilation can play in understanding the physical, mechanical 
and electrical properties in polymers, which are becoming 
technologically more important materials in industries [75,76] . 
Applications of this new method of PAS to study practical 
materials and to solve some of the mechanical properties appears 
to be possible and promising. However, as it happens with all 
other newly emerging techniques, there are still many unsettled 
problems which need to be looked into. Some of these are addressed 
by Jean [46] and others [77,78]. Therefore application of PAS for 
the study of polymers and polymeric materials requires further 
intense and systematic effort before PAS can become a routine 
and reliable tool in the scientific and engineering applications. 
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1. 12 Scope of the present study 

As already discussed in the previous section, routine 
application of PAS technique to study polymers and polymeric 
materials require further research in this field. Physics of 
polymers and polymeric materials is still little understood, and 
further research using PAS in this field can help us to understand 
their physical and mechanical properties. 

Ion- conducting polymer electrolytes is an area of recent 
theoretical and experimental interest due to their possible 
applications in various electrochemical devices [79] e.g. as 
high-energy density batteries, fuel cells, electrochromic devices 
etc. Mechanism of ionic conductivity and their dependence on 
temperature, pressure and degree of crystallization in such 
polymer electrolytes is not properly understood yet . An 

explanation based on the free -volume theory has also been proposed 
for the temperature dependence of electrical conductivity of these 
ion-conducting polymers [79] . However, the experimental results to 
support such explanation are very few [80] and also highly 
unsatisfactory as far as their ion transport properties are 
concerned. ' Positron annihilation spectroscopy with its unique 
ability to probe free-volume properties in polymers can help in 
understanding some of the basic questions related to the mechanism 
of ion- transport in polymer electrolytes. We have, therefore, 
carried out positron lifetime studies in polyethylene oxide (PEO) 
based polymer electrolytes doped with two different ammonium salts 
(i.e. PEO + NH^ClO^ and PEO + NH^I) as a function of temperature. 
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Some of the technologically important polymers include epoxy 
and polyester resins, because of their wide range of applications 
as adhesives, fillers, host matrices for composite materials etc. 
Although they are being used in industries for the last three 
decades, their microstructure is still unclear. Study of their 
microstructure down to the atomic scale can help us to understand 
their mechanical behaviour and failure during loading. Keeping 
these aspects in mind, we have also performed positron lifetime 
studies in two different high- temperature resistant glassy 
polymers (i.e. epoxy and polyester resin polymers) as a function 
of temperature, physical aging and moisture absorption. 

The main aim of the present work was, therefore, to study 
various polymers and polymer electrolytes with an objective to (i) 
understand the free volume properties and their dependence on 
different external conditions of temperature, time and 
environmental effects in the case of epoxy and polyester resin 
polymers, and (ii) the role of free-volume in determining the ion 
transport mechanism and hence the large ionic conductivity 
observed in the polymer electrolytes. In the last part of this 
thesis we have presented our positron lifetime studies in certain 
aluminium- alumina composites and tried to investigate the nature 
of hydrogen trapping that can possibly explain the hydrogen 
embrittlement observed in these composites. 

The present thesis is divided into seven chapters. Following 
the present chapter is Chapter 2 providing a brief review of the 
experimental methods used for the study of positron annihilation. : 
Since the major part of the present work deals with the study of j 
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polymer electrolytes, a brief introduction to the structural and 
physical properties of these new technological materials is given 
in Chapter 3 . The present studies of the temperature dependence of 
positron annihilation lifetime, free volume, conductivity, 
ionic -mobility and number of charge carriers in the 

proton-conducting polymer electrolyte, polyethylene oxide (PEO) 
complexed with ammonium perchlorate (NH^ClO^) are described in 
Chapter 4 . In Chapter 5 we have presented the positron 

annihilation lifetime studies of free volume in polymer 
electrolyte polyethylene oxide (PEO) complexed with ammonium 
iodide (NH^I) . The present studies of the positron annihilation 
lifetimes in two polymers, cured epoxy and polyester resins are 
described in Chapter 6 . In the last chapter we have described 
positron lifetime studies in the Al-Al^O^ metal matrix composites, 
containing 0%, 2%, 4% and 8 wt . % Al^O^ particulates. We feel 

that a systematic investigation of some of the technologically 
important materials using positron annihilation lifetime technique 
has been carried out in the present work. It is hoped that the 
present studies carried out in the polymer electrolytes 
PEO+NH^ClO^ and PEO+NH^I, cured epoxy and polyester resin polymers 
and in the Al+Al^O^ metal matrix composites using positron 
lifetime measurements and other characterization techniques have 
helped to extend our present understanding of these systems . 
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CHAPTER 2 


EXPERIMENTAL METHODS FOR POSITRON ANNIHILATION STUDIES 


2.1 Introduction 


In the present work, positron annihilation and othe 
characterization techniques have been applied for the study o 
polymeric materials and metal-composites. In the last two decades 
positron annihilation technique has emerged as a powerfu! 
non-destructive technique for investigating condensed matter 
Several books and reviews have been published on this subjed 
[1-18] and in addition the proceedings of the various 
International Conferences on Positron Annihilation (ICPA's) have 
been published regularly [19-27] . One recent and interestinc 
application of positron annihilation technique has been foD 
studying free-volume properties in polymers and polymeric 

materials [15,25,27] . Such studies can help us to understand the 

role that free volume plays in determining the various physical, 
mechanical and electrical properties in these materials . 

Generally, positron annihilation studies are performed b;^ 
using three different methods involving different experimental 
observables and setups . They are 

(1) Positron lifetime measurements, 

(2) Angular Correlation between the annihilation radiation, and 

(3) Doppler broadening of the annihilation radiation. : 

Out of the above-mentioned methods, the most commonl] 

employed measurement techniques are the first two. In the preseni 


work, only the first method of measurement has been used. In 
subsequent sections, positron lifetime technique and related 
apparatus used for such measurement will be discussed along with a 
brief outline of the other measurement techniques including the 
angular correlation and Doppler broadening measurements. 

2. 2 Methods for measuring positron lifetimes 


The mean lifetime of positrons in gases was first measured by 
Deutsch [28] . In condensed media, such measurements were first 
made by De Benedetti and Richings [29] . Bell and Graham [30] first 
applied the technique of delayed coincidence to measure positron 
lifetimes in condensed matter. Since then positron lifetimes are 
measured by using this standard delayed coincidence technique 
[31,32] . The technique of measuring the lifetimes of positrons in 
a medium is termed as 'Positron lifetime spectroscopy'. There are 
some review articles describing this subject [32-35] . Different 
types of organic and inorganic scintillators with fast decay time 
along with fast photomultipliers and improved version of 
electronic time derivation devices are now available. Together 
they can provide a very good instrumental time resolution suitable ' 
for making positron lifetime measurements in a given medium. Apart 
from the advances made in the electronics with very good ; 
resolution of the system, good computer programs for data analysis 
have also been developed over the years [36-40] . I 

Positron annihilation lifetime measurements involve ; 
measurement of lifetimes in the range 0.1 to 100 ns. Therefore the' 
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method employed for measuring such short lifetimes is very similar 
to those employed in nuclear spectroscopy. Present 
state-of-the-art positron lifetime spectroscopy has resolution as 
good as 145 ps [41] . 

2.2.1 Positron sources 

The most commonly used laboratory sources of positrons are 

radioactive isotopes such as ^Na (sodium-22) , Cu, Co and 
38 22 

Ge. Out of these Na is normally used as a source of positrons 

for lifetime measurements. Accelerator-based positron beams are 

also used for studying positron lifetimes. 

22 

A detailed decay scheme of Na is shown in Fig. 2.1. This 

radioactive isotope ~ ^ years), can be obtained from most 

suppliers of radioisotope as sodium chloride in carrier-free 

22 22 

aqueous solution. The decay of Na to Ne produces positrons 
with continuous energy distribution having a maximum energy of 542 

keV and average energy of about 120 keV. The emission of a 

22 22 
positron from Na leads to an excited state of Ne . The 

22 -12 

half-life of the excited state of Ne is ~ 10 s and decays to 

22 

the ground state of Ne with an emission of a 1.276 MeV y-ray. 

The emission of the positron can, therefore, be taken to be 

simultaneous with the emission of the r-ray within the finite time 

resolution of the instrument. Detection of this essentially 

simultaneous emission of the 1.276 MeV •jr-ray provides a convenient 

timing signal that marks the birth of the positron. Some of the 

22 

advantages of using Na used as a positron source for positron 
lifetime measurements include 
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(i) its long half-life ^ years) , which allows for a 

relatively constant strength of the source over a prolonged 
period of measurement, 

(ii) almost simultaneous emission of a r-xay and a positron, which 
is important for measuring the lifetime of the positron, and 

(iii) the separation in energy of the y-ray (1.276 MeV) and the 
annihilation photons (0.511 MeV), which provide an easy 
discrimination between their energies in the energy spectrum. 

2.2.2. Source preparation 

22 . 

A typical Na source is prepared by depositing drops of 

carrier- free solution onto aluminium, nickel or mica foil having a 

thickness of about 5-10 (im. Upon evaporation the host material is 

then folded and' sealed in a leakproof "sandwich". The host 

material should be structurally as thin as possible to ensure that 

a maximum fraction of positrons interacts with the sample under 

study rather than getting absorbed in the holder. On the other 

hand, the holder should be strong enough to withstand handling 

(during the measurement) and any corrosive action of the sample or 

the ^^NaCl. 


2.2.3. Source strength 


The ideal source activity 

is 

dictated 

by the 

type 

of 

investigation 

and apparatus used. 

In 

lifetime 

measurements 

the 

radioactivity 

is a function of 

the 

maximum 

allowable 

random 

coincidence . 

In practice, a source 

strength 

of 2-25 

4Ci 

are 


commonly used for positron lifetime measurements. 
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2.2.4. Sample thickness 

The thickness of material under study should be chosen to 

allow absorption of all positrons that escape the source holder. 

The maximum penetration of positrons in a sample can be calculated 

in the same manner as that for negative ^-particles. However, 

because of its opposite charge, the positron has a range in some 

material upto 80% greater than an electron of the same energy. In 

2 

condensed materials a thickness of 200 mg/cm is adequate for 

22 

stopping positrons emitted from Na. 

2.2.5. Positron lifetime spectrometer 

In most media, the singlet state annihilation of positron 
with electrons leads to the emission of two gamma quanta of energy 
0.511 MeV each. As already described above, the detection of 1.276 
MeV Tf-ray marks the birth of the positron. Detection of one of the 
annihilation ■jr-ray of 0.511 MeV marks the death of the positron. 
Therefore, a measurement of the time interval between the emission 
of 1.276 MeV and one of the annihilation y-ray (0.511 MeV) can 
yield information about the positron lifetimes in the medium. 
Some of the first measurements involved the method of delayed 
coincidence in which a start pulse generated by the detection of 
the 1.28 MeV y-ray was delayed for various times and routed to a 
fast coincidence circuit that received a stop pulse arising from 
the detection of 0.511 MeV y-rays. A plot of coincidence rate ys 
time delay was analyzed to yield the average positron lifetime 
[28] . Although this method was improved with the development of 
fast circuitry, accurate results were not easy to obtain. 
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With the invention of the time-to-pulse -height converters 
(TPHC) [42,43] and other nuclear electronic instruments, the 
determination of positron lifetimes became relatively easy. 
Present-day positron lifetime spectrometers, based on TPHC 
technology, involve the use of either slow-fast or a fast-fast 
coincidence technique. A block diagram giving the schematic 
arrangement of a typical positron lifetime spectrometer involving 
slow-fast coincidence is shown in Fig. 2.2. The setup basically 
consists of (i) radiation detectors (ii) time derivation devices 
(iii) time-to-pulse height converter (TPHC) or time-to-amplitude 
converter (TAC) and (iv) a data acquisition system or a 

multi-channel analyzer (MCA) . 

22 

The Na source is sandwiched between two identical specimens 
of the sample under study. This source- sample assembly is kept 
between two detectors . The detectors consist of fast scintillators 
coupled to fast photomultipliers (PM) . Each of the 
photomultipliers can give two output pulses, one from the anode 
and the other from one of the dynode stages, usually the last 
dynode. The timings of the pulses corresponding to the 1.276 MeV 
and 0.511 MeV have to be determined carefully so that their time 
difference is known precisely. Since anode pulses are relatively 
faster pulses, having short risetimes ( ~ 4 ns) , these are used 
for timing purposes. The anode pulses from each of the two 
photomultipliers are fed to two time derivation devices, usually a 
fast discriminator (FD) or constant fraction discriminators (CFD) , 
which accept fast pulses at adjusted discriminating level. This 
level is usually fixed such that the photomultiplier noise is 
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discriminated, out . Each of the discriminators provide a well 
defined and discriminated timing output. The detection of a photon 
on the start side triggers the TPHC to begin building a pulse 
until a stop signal is received. The amplitude of the TPHC output 
is proportional to the time difference between the two signals. 
The start signal must arrive prior to the stop signal in the TPHC. 

In positron lifetime measurements, the TPHC output is gated 
with a coincidence circuit output pulse, so that the gate, will 
open only when a coincidence signal, corresponding to the 
coincidence of the photons of energies 1.276 and 0.511 MeV is 

received from the coincidence circuit. The slow pulses from one of 
the dynodes of the photomultipliers are more suited for the 
purpose of energy selection, and they are used for energy 

analysis. The pulses taken from the dynode of the photomultipliers 
are fed to a preamplifier and then to an amplifier. These 

amplified pulses are then processed by a single channel analyzer 
(SCA) . The start -side SCA is set to emit a signal when it receives 
a 1.276 MeV photon and the stop-side ,SCA emits a signal upon 
receiving a 0.511 MeV photon. The output pulses from the SCA are 
then fed to a slow coincidence which gives an output only when 
these two pulses arrive there within a short time known as the 
resolving time, typically about one iJLsec . The slow coincidence 

output provides the gating signal for the TPHC, whose output is 
then routed to a multi-channel analyzer (MCA) , where it is stored 
in a channel corresponding to the amplitude of the TPHC output . 
The resultant spectrum stored in the MCA gives a typical lifetime 
spectrum shown in Fig. 2.3. Subsequent analysis of this lifetime 
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spectrum yields the lifetimes of positrons in condensed matter. 
This technique of slow- fast coincidence has been used to measure 
the positron lifetimes in condensed matter for the last two 
decades . 

A typical fast -fast coincidence spectrometer employing a TPHC 
requires only one signal from the detector. Energy selection and 
time derivation are achieved simultaneously in a single unit, 
using the technique of fast zero crossover [44] or constant 
fraction discriminator (CFD) timings [45] , which then triggers the 
TPHC. When the energy requirements are met and the start and the 
stop pulses arrive at the TPHC within the selected time range, the 
TPHC sends a signal to the MCA. This system has some advantage 
over the slow- fast coincidence spectrometer. Our present setup of 
positron lifetime spectrometer is based on the fast-fast 
coincidence technique, details of which are presented in section 
2.4' of this chapter. 

Recently, fast timing with photomultiplier dynode pulses 
(bipolar pulses) , BaF 2 scintillators and the method of internal 
shaping were used by Radiation Technology group at TU Delft to 
develop a positron lifetime spectrometer having a high timing 
resolution [41] . Later part of our present work was done using 
this type of positron lifetime spectrometer. 

The requirements of the various components in a timing 

spectrometer are treated in several publications [32,33,45-48] . In 

all these measurements, the determination of timing resolution of 

the system is necessary. In positron lifetime measurements, this 

6 0 

can be done by measuring either a prompt spectrum from Co or by 
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measuring the positron lifetime parameters from lifetime spectrum 

in a sample having a well known single lifetime component e.g. 

properly annealed high purity copper or aluminium. Major factors 

that affect the time resolution are (i) decay time of the 

scintillators (ii) risetime of the PM tubes and (iii) method of 

time pick-off. The timing jitter due to the introduction of noise 

in the timing signals in present-day positron spectrometer is a 

minor factor in currently available PM's, timing discriminators, 

and TPHCs . A time resolution of 300ps (full width at half maximum 

6 0 

(FWHM) in case of Co spectrum ) is typically obtained with a 
commercially available setup. However for improved and better time 
resolution, proper choice of the scintillators and the PMTs is 
needed. The best time resolution reported in the literature is 
perhaps 125ps [4 8.] . 

A positron in condensed matter annihilates from different 
states resulting in a multi-exponential time spectrum. The 
positron lifetime spectrum measured is then analyzed into 
different lifetime components (t^^) having respective intensities 
( where i=l,2,3.. etc.) using computer programs [36-40]. 
Usually the shortest to longest lifetime components are denoted in 
the order . . The lifetimes are actually the inverse of 

the slopes of the best-fit straight lines through the data points 
after subtraction of the background. In general, the physical 
interpretation of lifetime data is difficult and therefore the 
numerical data analysis should be done very carefully. 

The details of the experimental setup, used in the present 
work, and its calibration and methods of data analysis are 
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discussed in sections 2.4 and 2.5 of this chapter. 


2.3 Doppler broadening and angular correlation measurements of 
annihilating radiation 


The total linear momentum p of the annihilating (e"'’- e ) pair 
is conseirved during the annihilation process . The distribution of 
p (in momentum space) is experimentally observed by measuring the 
momentum distribution of annihilation photons. Let us consider 
only the 2r mode (singlet state) of e'*’- e annihilation since the 
cross-section for the 3r (triplet state) mode is smaller by a 
factor 372. If the photon momenta are written as and q^, the 
laws of conservation of momentum and energy give 


q + g = 

p 

(2.1) 


2 


g c -h q c 

• L * 2'"'^ 

(2.2) 


respectively, where c is the speed of light and m is the mass of 
the electron. In the first approximation, we may neglect the 
kinetic energy, and momentum of the annihilating pair (in 
comparison with the energy and momentum of the photon) and put p = 


0, p = 0, to 

obtain 


: -q^ and q^ = 

: q = me 

= 137 a.u. This 

approximation 

leads 

to 

the picture 

shown in 

Fig. 2.4 (a). 

indicating that the 

two 

annihilation 

photons 

are emitted in 


exactly opposite directions (along the x-axis) and each photon has 
an energy of mc^ = 0.511 MeV. 

In a real solid, the (e"*"- e ) pair momentum p has finite 
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value with components (p , p / and p ) . If the x-axis is assumed 

X y z 

to lie along the approximate direction of emission of the photons, 


the longitudinal components p give rise to a Doppler energy shift 

± p c/2 [12-18] . The transverse (p ,p ) components of finite p 

X y z 

cause the direction of emission of the two photons to deviate from 

collinearity by an angle » (p^+ p^)^^^/mc (Fig. 2.4(b)) [12-18]. 

y z 

These two effects thus lead to two different measurement 


techniques: (i) Doppler broadening of annihilation radiation 
lineshape (or DBARL) and (ii) angular correlation of positron 
annihilation radiation (or ACAR) . 

The experimental method of DBARL has been well reviewed by 
Mackenzie [49] . Such studies are performed with the help of a 
high-resolution solid state detector (typically a Ge(Li) or a HPGe 
detector having a-n energy resolution of about 1.1-1. 4 keV at 511 
keV) coupled to a stable energy analysis system as shown in Fig. 
2.5. A typical Doppler broadening of the annihilation line - is 
characterised by a FWHM of about 2-3 keV (Fig. 2.6) and hence the 
resolution of the DBARL spectrometer is insufficient for studying 
the momentum distributions. Nevertheless clever use of 
deconvolution procedure and lineshape parameters [12-18,49] allows 
one to interpret relative changes in the so-called 'lineshape 
parameters' in terms of the states of e"^- e annihilation etc. 

The measurement of the angular correlation of the 
annihilation radiation can be carried out using one -dimensional 
(ID) or two-dimensional (2D) geometry for the gamma-ray detectors. 
In the 'early days people used the ID geometry involving two long 
Nal scintillator detectors placed parallel to each other (say in 
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Fig. 2.6 Energy spectrum for Doppler broadened annihilation 
radiation compared with the intrinsic energy resolution of the 
spectrometer [taken from Ref. 17] . 
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the y-direction) on either side of the source+sample assembly 

(Fig. 2.7) . One of the detectors was held stationary while the 

other detector was moved to scan the z -direct ion. Lead collimators 

were placed in front of each detector to obtain high angular 

resolution. Kubica and Stewart [50] -designed a ID AGAR apparatus 

having a slit-width of 0.1 mrad with the equivalent momentum 

resolution of 0.0137 a.u. Most commonly used ID AGAR instruments 

had momentum resolution in the range 0.05 - 0.15 a.u. The angular 

correlation measurement consisted in measuring the counting rate 

N (iS- ) between the two detectors as a function of i? . In such a 
z z 

measurements -d- — > p and the momentum distribution of the two 

z ^z 

annihilation photons, p (p) , is integrated along the p and p 
directions . The measured ID AGAR spectra is therefore expressed as 
a distribution 


N (p ) = const, 
■^z 


P2t‘p’ 


(2.3) 


Gonsiderable technological progress has been made during the 
last two decades to develop 2D AGAR spectrometers such that both 
the transverse components (p^/P^,) of momentum could be 
determined. These instruments involve a bank of point detectors, 
or multiwire proportional chambers or Anger cameras and their 
design and performance has been reviewed in the literature 
[16-18,51]. The 2D AGAR measurements yield the 2D distributions 


N(Py,P,) 


const . 


P2,<P> 


(2.4) 
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where 



me L L 

1 2 


(2.5) 


( 2 . 6 ) 


and where the coordinates and distances are explained in Fig. 2.8. 

The measurement of 2D ACAR is more useful with metals and 
alloys for which valuable information about the Fermi surface and 
band structure is obtained from the 2D distributions 
[16-25,52,53] . 


2. 4 Present positron lifetime spectrometer- 


The methods used in positron annihilation lifetime 

spectroscopy (PAL) have already been discussed in Section 2.2. In 
this section we shall briefly discuss the actual positron lifetime 
setup used in the present work along with the calibration, 
performance and the methods of data analysis performed by us. 

2.4.1 Positron source 

The radioisotope used as positron source in the present work 

22 22 
was Na in the form of aqueous solution ( NaCl from Amersham 

International, U.K.) . A few drops of the aqueous solution 

containing Na was deposited at the center of a very thin (2.5 iim 

thick) nickel foil of the size 6mm x 6mm, and then folded in the 

middle and soldered at the edge so that the source was at the 
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center of the folded foil. Several such sources were prepared, 
each with a strength of about 15 yCi. This source of positrons was 
then sandwiched between two identical specimens of the sample to 
be studied. 

2.4.2 Present lifetime setup 

A block diagram of the actual positron lifetime setup, based 
on fast -fast coincidence technique, used in the present work is 
given in Fig. 2.9. The source-sample assembly was kept between the 
two y-ray detectors. The performance of such a system, its 
resolution and long term stability depends on the choice of 
scintillators, photomultipliers and the time derivation devices 
[31-32,41,47,54-57]. In this section we shall briefly describe the 
various important parts of our timing spectrometer. 

(A) Scintillators and photomultipliers 

Scintillators and photomultiplier tubes (PMTs) constitute the 
most vital parts of a timing spectrometer since the time 
resolution of such a spectrometer is directly related to the decay 
time of the scintillator, the number of photoelectrons produced as 
a result of the scintillations and the transit time of electrons 
in the PMT. For better time resolution, the scintillator should 
have a very fast decay time and a high efficiency for light 
output. Also the photomultiplier tube should have small transit 
time for the electrons and a short rise time of the anode pulses. 

In our spectrometer, we have used cylindrical ultra-fast NE 
111 plastic scintillators of size 1" (diameter) x 3/4" (thickness) 



O cn 
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with a decay time of ~ 1.2 ns and a pulse height of 40% that of 
anthracine. To improve the light collection efficiency, the 

scintillators were wrapped in teflon. These scintillators were 
then optically coupled to RCA-8575 PMTs using optical coupling 
grease from Rexon Inc., USA. RCA-8575 is a 12 stage PMT (with 

bialkali photocathode) , having a rise time of about 1.2 ns with a 

7 

total gain of ~3.6 x 10 and a transit time of 32 ns. The PMTs 
were fixed to a pair of EG&G Ortec 270 constant timing 

photomultiplier bases. The EG&G Ortec 270 base consists of a 
resistive voltage divider network with appropriate capacitive 
decoupling for the operation of the RCA 8575 PMTs. A constant 
fraction of pulse height trigger (CFPHT) [45,57] is also included 
in the base to provide the optimum time resolution and a dynamic 
range of 100:1 of the anode pulse height. EG&G Ortec 270 PMT base 
produces two outputs at the same time, the discriminator output 
and the monitor output. Discriminator output pulses are fast logic 
signals of width 6 ns and rise time < 2.5 ns . These are ideally 
suited for the timing purpose, and was therefore used by us for 
timing measurements. The monitor output can be used to monitor the 
anode signals . Magnetic shields were also put over the PMTs to 
reduce the effect of the external magnetic fields. Both the 
detectors were operated at -1850 volts, supplied by a EG&G Ortec 
556 high voltage power supply. 

(B) Time derivative device 

Next important part of a timing apparatus is the time 
derivation device, used to derive the timing information from the 
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detector pulse. The detector pulse in general have long risetime 
(t^ = 2.0 ns) and they also vary in amplitude. Therefore these 
pulses must be processed by using a time derivative device to 
produce standard shape pulses of constant amplitude and fast 
rise-time for further analysis. 

In the present setup, a pair of EG&G Ortec 583 constant 
fraction differential discriminators (CFDD) based on the principle 
of constant fraction (CF) timings [45,57], were used for precise 
time and energy information. In a CFDD, each input signal 
(discriminator outputs from PMT bases) is inverted and delayed, 
and at the same time a fraction ( ~ 0.2) of the undelayed pulse is 
added to the delayed pulse using a built-in CF timing circuit. As 
a result a bipolar signal is generated, whose zero-cross-over is 
used to trigger the timing output pulses (Fig. 2.10). Moreover, 
these units can be operated either in the integral mode or as a 
single channel analyser (SCA) in the differential mode. We have 
operated both the CFDDs in the differential mode, one to detect 
the 1.276 MeV photons (therefore acting as a start channel) and 
the other to detect the 0.511 MeV annihilation photons ( thus 
acting as a stop channel) . The window settings in the two 
discriminators were set to accept “50% of the Compton distribution 
corresponding to 1.276 MeV and 0.511 MeV r-rays. Thus for each 
input signal satisfying the energy criteria, this unit generates 
two decoupled fast negative outputs (or the timing outputs) of 
about 5 ns in width and a slow positive pulse (or the SCA output) . 
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(C) Time-to-pulse height conversion 

The last part of the timing process is the conversion of the 
time interval between the timing pulses into a voltage amplitude 
pulse. This was done using a EG&G Ortec 467 TPHC/SCA unit, which 
measures the time interval between the leading edge of the timing 
output pulses from the two CFDDs furnished to its start and the 
stop inputs, to generate an analog output pulse whose height is 
proportional to the time difference between the start and the stop 
pulses. The pulses from the timing outputs of the two CFDDs were 
further shaped using long cables and 50 Q terminators at the TPHC 
end for this purpose . The TPHC output was gated to a Fast 
Coincidence (ORTEC 414) circuit which uses the two SCA outputs 
from the CFDDs . The TPHC output was then fed to the ADC input of 
the multi-channel analyzer Canberra S-35 plus, to acquire the 
positron lifetime spectrum. Printouts of the spectral data were 
taken using a TELETYPE 43 serial port printer, which were then fed 
to the computer for further data analysis . 

2.4.3 Resolution and performance of our positron lifetime 
spectrometer 

Resolution of our positron lifetime spectrometer was 

6 0 

determined by recording the 'prompt' spectrum arising from Co 

gamma-rays. Radioactive isotope Co emits two gamma rays ' (Fig. 

2.11(a)) of energies 1.17 and 1.33 MeV with the intermediate state 

having a lifetime of 8 x 10 s. Since this lifetime is much less 

compared to the resolution of the spectrometer, the time 

distribution of these gamma-rays is known as the 'prompt' spectrum 
G 0 

of Co (Fig. 2.11(b)) having a shape which can be approximated to 
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Fig. 2.11 


(a) Decay scheme of ^^Co. 

(b) Prompt spectrum of ^^Co. 
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a gaussian. Time resolution of our spectrometer was, therfore, 

determined from the 'full width at half -maximum' (FWHM) of this 

prompt spectrum. During most of our work, this time resolution for 

our instrument was found to be 0.32 ns (FWHM) using the energy 

22 

window setting for Na. Such prompt spectra were taken by us 
regularly to monitor the stability of our spectrometer. The slope 
of the prompt spectrum gives the limiting lifetime resolution of 
the instrument . 

The performance of our positron lifetime spectrometer was 
tested by comparing the observed lifetime parameters in different 
samples (e.g., in well-annealed and high-purity Ni, Cu, Al and 
Teflon) with that of the reported values in the literatures. Our 
results for the lifetime parameters were found to be in good 
agreement with the reported values for the different samples. 

2.4.4 Calibration of the TPHC 

The TPHC was calibrated by using a EG&G Ortec 462 time 
calibrator (TC) . The TC generates logic signals at precise time 
intervals suitable to calibrate a TPHC. Each output from the TC • 
consists of a pair of start and stop pulses which are fed to the 
start and the stop inputs of the TPHC. A time spectrum is then 
collected in a MCA using the TPHC output (with same settings used 
during actual lifetime measurements) . This time spectrum consists 
of a series of sharp peaks at intervals equal to the time period 
chosen in the TC (Fig. 2.12(a)). Time calibration per channel was 
therefore calculated from the ratio of the time intervals between 
the various peaks and the corresponding difference between the 
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channel numbers of the peaks or from the slope of the curve given 
in Fig. 2.12(b) . The average time calibration obtained in this way 
for our spectrometer was 48 . 78ps/channel , which was also verified 
by introducing variable nanosecond delays in the stop channel. 

2.5. Analysis of positron annihilation lifetime spectra 


As stated earlier, a positron annihilation lifetime (PAL) 
spectra is composed of a superposition of several decaying 
exponentials, which may be either finite (2 to 5) or may consist 
of a continuous distribution of decaying exponentials, depending 
on the nature of the sample. In most metals and ionic solids, the 
lifetime spectrum is relatively simple and consists of two or 
three lifetime components. The lifetime spectrum in most molecular 
materials is complex, where several positron states can exist. The 
measured positron lifetime spectra were, therefore, analysed by us 
using the following two different methods : 

(i) finite-term lifetime analysis and 

(ii) continuous lifetime analysis 

Finite-term lifetime analysis were performed using the 
computer program PATFIT [37] consisting of the fitting programs, 
POSITRONFIT and RESOLUTIONFIT, along with two more programs, 
RESEDIT and POSEDIT, to generate control input data files for the 
fitting programs (Fig. 2.13). It also contains one graphics 
program, PATGRAPH, to generate graphics of the fitted spectra. The 
continuous lifetime analysis was performed by using the modified 
version [38] of the original computer program CONTIN [58] 
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START-UP FILE 





?• 2.13 Schematic representation of the interaction between 
3grams, files and output devices, using POSITRONFIT as an 
imple . 
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developed by Provencher. Both the methods of data analysis were 
done on a HP-9000 Series-800 main-frame computer. 

2.5.1 Finite-term lifetime analysis 

The finite-term lifetime analysis decomposes a PAL spectrum 
into a finite number (n) of lifetime components. However, due to 
the finite time resolution of the lifetime spectrometer, an 
experimental positron lifetime spectrum is always convoluted with 
the resolution function of the instrument. Therefore, a PAL 
spectrum is mathematically represented by a convoluted expression 
(denoted by *) of the instrumental resolution function and a 
superposition of a finite number (n) of negative exponentials 
expressed as 


n 

Y(t) = R(t)*(N y a.X.e'^i^ + B) (2.7) 

s Z- 1 1 

i=l 

where Y(t) is the experimental raw data, R(t) is the instrumental 

resolution function, N is the total number of counts observed, X. 

s 

and are the annihilation rate (inverse of the lifetime t) of 
the ith lifetime component and the fraction of positrons 
annihilating with natural lifetime respectively, and B is the 
background counts. The number of resolvable terms (n) is usually 
limited to 2-5 due to the unknown resolution function of the 
instrument, whose exact form is rather difficult to obtain. In 
practice the form of the resolution function is taken 
approximately as the linear combination of Gaussian type functions 
(GTF) . The experimental raw data Y(t) is then least-square fitted 



to the above expression (eq. 2.7) with finite number of terms 
(i=2-5) to obtain the lifetimes r. ( = -^ ) and their corresponding 

1 A . 

1 

intensities for the best fitted curve. 

The actual fitting of the raw experimental data were 

performed by using the computer program POSITRONFIT [37] to 

extract the lifetimes and their intensities. Since, the time 

6 0 

resolution function measured by using the Co prompt spectrum 
(already discussed in sec. 2.5.3) is quite different from the 
actual instrument resolution function when a lifetime spectrum is 
collected by using a Na positron source, the actual form of the 
resolution function used in the present analysis was determined by 
least -square fitting the lifetime spectrum arising from a 
well -annealed and high purity (99.99+ %) nickel, having lifetime t 
= 110ns (kept fixed during the fitting) , using the computer 
program RESOLUTIONFIT [37] . The best fit (with x^<1.0) corresponds 
to a linear combination of three gaussians for the resolution 
function (Table 2.1) . The form of the resolution function thus 
obtained (Table 2.1) was subsequently used to find the positron 
lifetimes in our samples. Details about the mathematical treatment 
and the fitting procedures used by the computer programs 
POSITRONFIT and RESOLUTIONFIT can be found elsewhere [37,59] . 

In the polymers studied by us, we found that a 3 -lifetime fit 
gave the best x (<1.1) and most acceptable standard deviations. 
Measured lifetime spectra were corrected for the contribution 
arising from positron annihilation in the source. We have analysed 
all our spectra using this method of analysis . In some of the 
cases, we have also analysed our lifetime spectra in terms of 



TABLE 2 . 1 

Resolution function of the spectrometer used in the present work. 



Gaussian 1 

Gaussian 2 

Gaussian 3 

FWHM (ns) 

0.3189 

0.2460 

1.0639 

Relative Intensities (%) 

87.0 

10 . 0 

3.0 

Shifts (ns) 

0 . 000 

-0 . 0521 

0.6327 
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continuous lifetime distributions. 


2.5.2. Continuous lifetime analysis 

In molecular systems e.g. polymers, composites, porous media, 
and other such materials, the heterogeneity of the local molecular 
environment in which annihilation takes place is expected to 
generate distribution of lifetimes. Therefore, finite-term 
lifetime analysis of the PAL spectrum in polymers gives a value 
which is only an average effect of the actual lifetime 
distribution, arising from positron annihilating at free -volume 
holes which exist more in the form of a distribution. In such 
cases a continuous lifetime analysis can give us a more complete 
picture. The above expression (eq.2.7) should, therefore, be 

expressed in the continuous form instead of a discrete summation, 
as originally suggested by Schrader [60] 


Y(t) = R(t)*(N (t) 

o 


a(A) X e"^^ + B) 

0 


( 2 . 8 ) 


In the above expression, the annihilation decay integral 
function is simply a Laplace transform of the decay probability 
density function (PDF) A. a (A). However, the exact mathematical 
solution to the above eq. (2.8), for a (A) and A, is difficult to 
obtain. This is more due to the convolution of the actual spectrum 
with the instrumental resolution function R(t), whose exact form 
is somewhat difficult to get. However, an indirect method to get 
rid of this problem is to measure a reference spectrum Y^(t) for a 
sample, which has a single known positron annihilation rate (A^) . 



(2.9) 


7 


The reference spectrum Y^(t) can be expressed as 

Y^(t) = R(t)* e"^r^ 


where, is the normalised total count for the reference 

spectrum, which can then be used to deconvolute the positron 
spectrum Y(t) . For this purpose, ultra-high purity, defect-free 
metals can be chosen as the reference sample. The data used for 
the reference must be measured under the same experimental 
configuration as kept during the actual sample measurements. The 
deconvolution procedure performed by a Laplace inversion technique 
is now available in the form of a computer code named CONTIN [58] 
for a numerical solution to the above integral (eq. 2.8), which 
was later modified by Gregory [38] for. the analysis of PAL 
spectra . 

We have, therefore, used the modified version of the computer 
program CONTIN [38] , for analysis of some of the PAL spectra, to 
determine the annihilation rate probability distribution function 
A.a(X) versus X (annihilation rate) . In the present analysis using 
this program, we have used the reference spectrum arising from 
well-annealed and high-purity (99.99+ %) nickel with annihilation 
rate X = 9.1 ns”^. A total of 85 grid points over the range 0.25 

ns~^ < X < 13 ns~^ were used to obtain the lifetime distributions 

2 

X .a(X) versus r (=l/X) . The lifetime distributions were later 
used to determine the distribution functions for other physical 
parameters such as free -volume hole radius and volume 
distribution. 

Analysis using CONTIN has to be done very carefully, because 



»u 

temperature, pressure, electric and magnetic fields, etc. 
Measurements using Doppler broadening technique are also used to 
determine the nature of defects and defects concentration in 
metals . ACAR measurements are mostly done to determine the Fermi 
surface and energy band structures in metals and alloys. DBARL and 
ACAR measurements in polymeric and molecular substances are 
relatively few. In the last part of this chapter, we have briefly 
outlined the positron lifetime setup and the methods of analysis 
of the PAL spectra used by us in the present work. 
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CHAPTER 3 


POLYMER ELECTROLYTES - A REVIEW 


3.1 Introduction 


In the past few decades a large number of solids with high 

ionic conductivity have been developed. These solids are termed as 

solid electrolytes or fast-ion conductors, or more commonly as 

superionic solids [1,2] . Ionic conductivity (cr) in such solid 

electrolytes is far higher than that of a typical ionic solid such 

“"18 “*1 

as NaCl which has cr = 10 S . cm . The conductivity of solid 

~ 6 ”1 “1 

electrolytes lies within a range (10 cr :< 10 S.cm ) which 

are of the same order of magnitude as those of 'liquid electrolytes 
[3] . Technologically, solid electrolytes are gaining more 
importance because of their potential applications in modern 
electrochemical devices (Fig. 3.1) such as high-energy-density 
batteries, gas sensors, electrochromic display devices etc. [4-6] . 
Solid electrolytes cover a wide range of materials including 
refractory covalent solids such as |3-alumina, soft ionic crystals 
like Agl, glasses and more recently developed species, the polymer 
electrolytes . 

Some of the basic characteristics of the solid electrolytes are 

(i) crystal binding is generally ionic in nature , 

-1 -5 -1 

(ii) electrical conductivity is high (10 -10 S.cm ) with a low 

activation energy, 

(iii) principal charge carriers are ions i.e. the ionic 
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transference number is almost equal to one ( t. ~ 1) and the 

ions 

electronic transference number is less than 10 and 

(v) the lattice contains large number of vacant sites for ions 
to hop from one site to another. 

In the past two decades, various new materials have been 
identified as potential solid electrolytes specially for 
high-energy-density batteries. This is an important development, 
as the existing batteries mostly employ aqueous electrolytes and 
they suffer from various inherent disadvantages such as - limited 
shelf-life, low specific energy density, and limited temperature 
range of operation etc. The electrolytes based on solid state not 
only eliminate a container otherwise required for liquid 
electrolytes but also make handling convenient. These electrolytes 
also have high-energy and power- carrying capacity. The solid 
electrolytes can, in fact, be practical substitutes for aqueous 
electrolytes and this was first demonstrated by Takahashi and 
Yamamoto [7] using Ag^ SI i.e. [Ag:Ag 2 SI; I 2 /C]. 

On the basis of the microstructure and the physical 
properties, solid electrolyte materials are broadly classified 
into four categories, 

(a) crystalline framework materials, 

(b) dispersed phase composite materials, 

(c) ion -conducting glasses, and 

(d) polymer electrolytes 

In the following subsections, a brief overview of the first 
three groups of materials used as solid electrolytes are given. 
The subject of polymer electrolytes, being the subject matter 
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covering the major part of the present thesis, is reviewed in 
greater detail. 

3.1.1 Framework crystalline materials 

Superionic solids developed in the earlier years belong to 
this group of materials. They generally consist of mobile ions in 
a rigid crystalline framework. These materials are further 
sub-divided into the following two subgroups. 

(a) Soft framework crystals 

(b) Hard framework crystals 

Soft framework crystals are characterized by ionic bonding, 
heavy polarizable ions, low Debye temperature and a sharp order- 
disorder transition. Some of the soft framework crystals are Agl, 
Cul, Ag 2 Hgl 2 etc. Among these, extraordinary high ionic 
conductivity is found in a-AgI [3,8], which was the first 
"superionic conductor" to be discovered. 

The hard framework crystalline materials have predominantly 
covalent bonding, low polarizability of mobile ions, high Debye 
temperature and generally less sharp order-disorder phase 
transition. NASICONs, or Na super ionic conductors, 
(Na. Zr-(SiO„) (PO. for 0 x s 3) [9,10] and ^-alumina 

1+X 2a 2 X. 4 -3 X 

(ideally, (Na^O) ^ ■ HAl^O^) [H] are two important hard framework 
crystals with high Na"^ ion conduction. At present, sodium sulfur 
batteries using this kind of solid electrolytes are being 
developed all over the world. Framework crystalline materials also 
consist of a large number of proton- conducting solids [12-15] . 
Some of the common framework crystalline materials are given in 
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Table 3.1. 

3.1.2 Composite or dispersed phase solid electrolytes 

The composite electrolytes are obtained by mixing different 
ionic conductors with fine particles of Al^O^ , SiO^, etc. 

Liang [16] was the first to observe a remarkable enhancement in 
the conductivity (10 -10 times) of Li'^ in Lil-Al^O^ systems. 
Since then a lot of work has been done in this field [17-20] . Some 
of the common composite solid electrolytes are given in Table 3.1. 

3. 1.3 Ion-conducting glasses 

— 7 

Usually the ionic conductivity in glasses is low (about 10 ~ 

(fi cm) ^) at room temperature, which is not suitable for majority 
of applications as electrolytes. Kunze [21] was the first to find 
the high ionic conductivity in glasses. Since then a number of 
ions like Li'*’, Na"*", Ag"*", Cu"^, F etc. are found to have high 

values of conductivities in the glassy materials [22,23]. These 
highly conducting glasses are known as 'ion-conducting glasses' or 
'superionic glasses' and they are technologically important 
materials for manufacturing devices. Unlike crystalline materials 
and ceramics, they do not suffer from problems of grain boundaries 
and therefore have ionic conductivity which is isotropic. They are 
also easy to fabricate (with wide range of chemical compositions) 
into different shapes and sizes and in the form of thin films with 
unifoxTTi properties and good electrode-electrolyte contacts in 
batteries and other electrochemical devices. 

Superionic glasses (A 0 -M.-0-MX) are mostly prepared by 

X y tL 

either slow cooling or moderate to rapid quenching of a molten 



90 


mixture of a glass-former (A O ),e.g. B_0^, Si0„, MoO, GeO^ 

xy* A 6 o A -5 O 

etc., a metal oxide (M^O) as glass network modifier and a dopant 

salt (MX) (usually a metal halide) . They are also prepared by 

laser glazing, sol-gel method and by condensation from the gas 

phase. Some of the important ion- conducting glasses are listed in 
Table 3.1. 

3 . 2 Polymer electrolytes 

3.2.1 Introduction 

The polymer electrolytes are the materials of current 
interest because along with their high ionic conductivity they 
possess unique physical and chemical properties [24] viz. chemical 
stability, thin film- forming properties, good processibility, 
flexibility, light weight, elasticity (plasticity) and 
transparency with a wide potential window in the solid state. As a 
result the polymer electrolytes can be fabricated into thin films 
of desirable shapes and sizes with excellent electrode-electrolyte 
contacts in different electrochemical devices. Moreover their 
ability to accommodate volume changes minimizes the problems 
generally associated with all solid-state secondary batteries 
arising from deformation and deterioration of the interfaces 
during charge /discharge cycles. Also polymer electrolytes based 
on simple polyethers have a wide electrochemical stability. Some 
of these properties cannot be attained by hard organic solid 
electrolytes and thus have been exploited to bridge a gap between 
fluid electrolyte solutions and hard inorganic solid electrolytes. 
All these favourable aspects have led to extensive research and 



TABLE 3.1 


SOLID ELECTROLYTE MATERIALS 
(References given in the last column 
are shown separately at the end of this chapter) 


Type of Electrolyte 

Max. cr 

Temp . 

Ref erenc 



Hard framework 
crystalline materials 


Na. Zr-P- Si 0. ... (x=2 . 0 ) 
1+x 2 3 -X X 12 ' 

NASICON - doped with Mg t 

200 x 10 

1 . 1 - 1. 6 

V^'^,Nb^^ and Ta^^ 

xl 0 “^ 

. 3^1 . 5°12 

1.9xl0~ 

''®3S=2L°12 

2.7x10" 


2.5x10" 

Na-^ -Alumina 

10 -10 


Proton conducting crysta- 
lline framework materials 


HU02P0^.4H20 (HUP) 

HUO^AsO^ . 4 H 2 O (HUAs) 

NHt / H.,0‘^ - /3 -Alumina 
4^3 

H"^- Montmorillanite clay 
NATION (Hydrated) 

Nb^O^.S .2OH2O 
Ta^Os-S.Sg 0 



(Continued on the next page) 
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development in the field of polymer electrolytes . 

Both electronically conducting polymers and polymeric 
electrolytes have been prepared and studied in a large number of 
laboratories . The dominant class of polymer electrolytes 

comprises of neutral polar polymers complexed with alkali metals 
(i.e. Li''’,Na'^, etc) /divalents/transition metals (i.e. Pb^"'' ,Zn^'*’ 
/Ni^'*', Co^''’,Hg^'*’etc) / ammonium salts and ions. Some acids also form 
complexes with some polymers to give a good electrolyte. 

Although it was recognised in the mid-1960's that potassium 
salts form complexes with polyethylene oxide (PEO) [25] and 

polypropylene oxide (PPO) [26] , it was only in the seventies that 
these materials (i.e. polymer- salt complexes) were found to 
exhibit appreciable ionic conductivity [27,28]. The technological 
importance of these polymer electrolytes was first pointed out by 
Armand [29] . Since then, the subject of polymer electrolytes is 
hotly pursued. There are some good review articles [24,30-34] on 
polymer electrolytes. Since the early studies on PEO, a wide 
variety of PEO- and PPO- based salt complexes have been prepared 
and characterized [31,35-40]. Some of the well-known solvating 
polymers include polyethylene oxide (PEO) [25] , polyethylene 
succinate (PESc) [41] , polyethylene imine (PEI) [42] , polyethylene 
sulphide [35] , polyethylene adipate [43] , poly (|3-propiolactone) 
[44] , polyphosphazenes [45] etc. which can form complexes with 
different alkali -metal salts, silver and copper salts, ammonium 
salts, acids etc. to form polymer electrolytes. Addition of 
high-dielectric and low-viscosity solvents [46] to these complexes 
increase their conductivity. Recently solvent-free polymer-salt 
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complexes were also prepared with optimized conductivity and 
mechanical properties [47-49] . 

The polymer electrolyte materials are broadly classified as 

[a] solvent -swollen polymers, 

[b] polyelectrolytes and 

[c] solvent-free polymer-salt complexes, 
and their brief description is given below. 

3.2.2 Solvent-swollen polymers 

Addition of some solvent (aqueous /non-aqueous) to the basic 
polymer (e.g. poly-vinyl alcohol (PVA) or poly-vinyl pyrrolidone 
(PVP) ) usually swell the basic polymer host. As a result the 
dopant ionic solute like H^PO^ are accommodated in the swollen 
lattice which permit the ionic motion in the solvent swollen 
region of the polymer host . These materials are in general 
unstable and their conductivity depends on the type and 
concentration of the solvent in the swollen region of the polymer 
and on other ambient conditions like temperature, relative 
humidity and the history of the sample pre - treatment . 

3.2.3 Polyelectrolytes 

A completely different type of conducting matrix is formed by 
the dissolution of an ionic polymer in an aqueous medium to give a 
'polyelectrolyte' . Polyelectrolytes have self ion-generating 
groups (or ion-centers) responsible for ionic conductivity, 
attached with the main chain of the polymer [50] . These 
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ion-centers may be either positively or negatively charged, giving 
rise to 'polyacids' (e.g. poly(acrylic acid), poly (vinylsulphonic 
acid), etc.) and 'polybases' (e.g. poly (vinyl -trimethylammonium 
chloride), poly (W-methylvinylpyridium chloride) etc.). Polymers 
which contain both acidic and basic groups on the same chain are 
termed as 'polyampholytes' . In general, small counterions such as 
H'^,Na’'’,OH , or Cl are associated with the ionic centers to 
maintain electroneutrality. 

The ionic conductivity in polyelectrolytes is a function of 
the water content and increases dramatically on exposure to 
moisture, which make these materials ideal for humidity sensors 
[51] . Two important polyelectrolytes include polystyrene 
sulphonate (used as ion exchange resin) and perf luorinated Nation 
(used as membrane for brine electrolysis and in devices like fuel 
cells) . Systems with water as solvent and poly (vinyl alcohol) 
(PVA) as the host matrix are used as battery separator [52] and 
hydrogen sensors [53] . In spite of this, polyelectrolytes so far 
have not been seriously considered as ion conductors. 

3.2.4 Solvent-free polymer-salt complexes 

These are the most common and extensively studied materials . 
They are prepared, in general, in the form of thin films, by 
solution-cast technique in which the solution of polymers (common 
solvents used are accetonitrile, methanol, water etc.) and salts 
of monovalent alkali metals/divalent/transition metals and 
ammonium salts are mixed. The mixture is stirred thoroughly and 
cast into teflon/polypropylene dishes. This solution is then 
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slowly evaporated followed by vacuum- drying and heating. The final 
film is 'solvent-free' and is essentially an ion-complexed 
polymer. The complex- forming reaction can be written as 

mMX + (-RU-) > (MX) . (-RU-) ( 3 . 1 ) 

n m n 

where (-RU-) denotes the polymer repeat unit, MX is the salt and n 
gives the relative stoichiometry of the repeating unit to salt. 
The kinetics for the above reaction ( 3 . 1 ) in most cases is 
unfavourable even when the complex is stable . 

3.2.5 Formation of polymer-salt complex 

The formation of a polymer-salt complex will be possible if 
reaction ( 3 . 1 ) is thermodynamically favourable and the Gibbs 
energy of solvation of the salt by the polymer is large enough to 
overcome the lattice energy of the salt. In addition to this, 
there are also some other criteria that determine the possibility 
of forming complexes. Some of them include, 

(i) the polymer should have a high concentration of polar (basic) 
groups (e.g. 0 ,N, or S) in the chain. 

(ii) the polymer chain should be flexible and the value of glass 
transition temperature (T^) should be low, and 

(iii) the cohesive energy density of the polymer in addition to 
the lattice energy of the salt should be low to facilitate the 
dissociation of the salt. Therefore the salts having large anions 
such as I",SCN“,C10~,CF2S0“,CH2C00",H2P0",BF“ etc. are most 


suitable . 
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By far the most common method for preparing the solvent -free 
polymer electrolytes in either bulk/thin film form is the solution 
cast technique stated above. Care must be taken to purify the 
starting material and to exclude water. For polymers which are 
insoluble, as in the case of cross-linked network, complexes can 
be produced by dipping a film of the polymer into a solution 
containing the appropriate amount of salt. Recently experiments 
were reported in which P (EO^LiSO^CF^ ) was heated in vacuum and 
deposited from the vapour state onto a surface [54] . 

3. 3 Structure of polymer electrolytes 

Our understanding of polymer-salt complexes and its formation 
and the mechanism of ion-transport would be greatly improved if 
detailed structural studies are made on them. Although a large 
number of such complexes have been studied for their electrical 
properties, the structural studies are rather few. Till now most 
of the structural studies have been performed on high molecular 
weight PEO-based polymer-salt complexes. Relatively little 
structural data are available for polymer-salt complexes other 
than PEO. 

Structural characterizations of polymer-salt complexes are 
mostly done using optical microscopy. X-ray diffraction, electron 
microscopy and neutron diffraction techniques along with 
spectroscopic methods such as infrared (IR) , Raman, nuclear 
magnetic resonance (NMR) and extended x-ray fine structure 
(EXAFS) . Recently, very useful information on the structure and 
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dynamics of polymer electrolytes have been obtained, by NMR 
spectroscopy e.g. pulsed gradient NMR studies provide detailed 
information on the diffusion coefficient for NMR-active nuclei 
[55,56] . Since our present work deals with PEO-based polymer-salt 
complexes, a brief overview of the structure of PEO and its 
polymer- salt complex is given below. 

3.3.1 Structure of poly(ethylene oxide) 

Pure poly (ethylene oxide) or (CH^CH^O)^ is a semicrystalline 
material with 60-70% of the bulk being crystalline at room 
temperature and the remaining present as dispersed amorphous 
phase. This phenomenon of partial crystallinity carries over to 
many of the polymer-salt-complexes. Upon addition of a complexing 
salt, an amorphous polymer- salt complex is formed until the 
saturation of the amorphous phase occurs. At this point a 
crystalline complex is also formed. The morphology of PEO-based 
salt complexes varies depending on whether the complex is cast 
from solution or from melt [57] . Molecular weight of commercially 
available PEO can vary from very low value (~ 400) to a very high 
value (5x10^) . 

Poly (ethylene oxide) is a linear polymer with helical 
configuration (Fig. 3.2) [58] and the regularity of the unit 
allows a high degree of crystallinity . The melting point of the 
crystalline phase is Tm = 65° C and the glass transition 
temperature of the amorphous phase is Tg ~ -60° C. The density of 
the polymer determined from X-rays is 1.2 and 1.15 for the ~ 80 % 
crystalline high molecular weight material and the dielectric 
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constant is low (~ 5) . The polymer is chemically quite stable. 

However, in air, peroxide formation and UV chain cleavage are 

responsible for the slow decrease in the molecular weight with 

time. The morphology of the crystalline phase can be obsem/ed 

with an optical microscope. For both PEO and PEO complexes, the 
form of the polycrystalline phase is often dendritic or 
spherulitic [57,59] . Small ions like Li'*’, Na"^ are suggested to lie 
inside the helical structure of PEO [41,48] whereas large-sized 
cations like Rb’*’ and Cs"^ lie outside the helix as suggested by 

different structural studies [60,61]. 

3. 4 Phase diagram 


It is not so easy to determine the phase diagrams for the 
polymer electrolytes because the kinetics of crystallization can 
be veiry slow and also a certain amount of randomness is inevitable 
in many polymers . These complications lead to apparent violations 
of Gibbs phase rule and to experimental problems in determining 
the liquidus and solidus boundaries. Inspite of this it has been 
possible to obtain useful phase diagrams for several PEO salt 
complexes [62-64] . For most polymer-salt complexes, several phases 
may coexist, such as crystalline polymer, amorphous polymer, 
crystalline complex, amorphous complex and crystalline salt etc. A 
variety of techniques including DSC/DTA [65,66], X-ray 
studies [60 , 62] , optical microscopy [63], NMR [67,68] and- EXAFS 
[61] have been sucessfully employed to determine the phase 
diagrams and formulas for polymer-salt complexes. The properties 
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are sometimes found to be dependent on the thermal history and the 
rates of crystallization of the system. Phase diagram for PEO 
complexed with NH^CIO^ is shown in Fig. 3.3, where several phases 
are existing at the same time. 

3. 5 Ion-transport mechanism in polymer electrolytes 


3.5.1 Introduction 

The conductivity (cr) of any material can be expressed in 

terms of the mobility by the relationship 

n.ji.Q. (3.2) 

i 

where n^ and jLi^are respectively the number density and mobility of 

the ith type of charge carriers and the charge of the ith 

species. The polymer electrolytes are mainly ionically conducting 

and have negligible electronic conductivities. In the above eq. 

(3.2) both cations and anions can contribute towards the total 

conductivity in polymer electrolytes. 

Most pure organic polymers are non-conducting but after 

complexing with salts, the ionic conductivity is introduced. 

Ion-transport in such materials occurs through the amorphous phase 

above its glass transition temperatures, T^.. Spin lattice 

relaxation data provided the first conclusive demonstration in 

this respect [65,66,68] . Further the ionic conductivity in the 

polymer electrolytes is strongly temperature -dependent above their 

T . Many theoretical models have been proposed to explain the 

y 

observed ion-transport mechanism in the polymer electrolytes. 
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Fig. 3.3 Phase diagram of a polymer electrolyte PEO 

complexed to NH^CIO^ salt (C=crystalline, CC=crystalline complex 
and L = liquidus) [taken from Ref. 69 ] . 
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Experimentally, ionic-conductivity, the nature and 
concentration of ion-transport and other related measurements in 
polymer electrolytes are performed by using the following 
measurement techniques, 

(i) d.c. conductivity, 

(ii) a.c. conductivity by complex impedance spectroscopy, 

(iii) transport number measurements by Wigner's polarization 
method and Tabandt's method (coulometry) , and 

(iv) number of ionic species and their mobilities by transient 
ionic current (TIC) technique. 

The experimental details of the above-mentioned techniques 
can be found elsewhere [24,69] . 


3.5.2 Observed conductivity dependence on temperature 

The temperature dependence of ionic conductivity in polymer 
electrolytes is an activated process and the obse 2 rved 

conductivity data can be represented by an Arrhenius type of 
equation 


cr = a exp 

O 



(3.3) 


where E is activation energy and a is a constant. Therefore a 

3. o 

plot of In cr ys l/T should give a linear plot. However in most 
cases the In cr ys l/T plots have a curved nature. An abrupt change 
in the slope of this curve may arise due to a change of phase. 
Observed In cr ys l/T plots are usually fitted to the following 
empirical relation 
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cr 


- 1/2 ^ 
A T exp 


E 


k, (T - T ) 


(3.4) 


where A is a constant proportional to the carrier concentration 
and T is a reference temperature usually associated with the 

O 

ideal glass transition temperature at which "free" volume 
disappears or the temperature at which the configurational entropy 
becomes zero. The above eq. (3.4) is also known as the 
Vogel -Tamman- Fulcher (VTF) equation [70] . In general T is 50K 


lower than actual glass transition temperature T^. 

Watanabe et al . [71] later found that the temperature 
dependence of ionic conductivity for the various PEO-alkali 
metal-salts complexes in rubbery and amorphous _state can be fitted 
to the following equation involving cr(T) 


o-(T) 


log 


cr{T ) 

g 


C^(T - T^) 

C., + (T -T^) 

2 g 


(3.5) 


where and are universal constants empirically determined for 
a wide range of polymers. The above equation (eq. 3.5) is also 
known as the "Williams-Landel -Ferry" (WLF) equation [72] . Eq. 
(3.5) with corresponding WLF parameters for and < provided a 
good fit to the observed temperature dependence of ionic 
conductivity data in polymer electrolytes . Temperature dependence 
of ionic conductivity in some of the common polymer salt complexes 
are shown in Fig . 3.4. 

To a good first approximation, the VTF and WLF equations hold 
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Fig. 3.4 Conductivity ys l/T plots for a series of 

polymer- salt complexes 

(1) P /■ (2) cross-linked PEOgLiClO^; (3) P(P0gLiS02CFg); 

(4) poly [ (ethyleneadipate) ^LiSOgCFg] ; ( 5 ) poly (othylene succinate) gLiBF 

{6)poly{Lbis (mechoxyethoxyethoxy) phosphazene] ^LiSO^CF} and 

(7) poly L (N-methylaziridine) j-LiClO. [taken from Ref. 33] . 
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quite well for a series of polymer electrolytes. Attempts were 
made to explain the observed transport properties and conductivity 
mechanisms in polymer electrolytes using theories and models 
originally developed to deal with pure polymers and molten salts 
[73-75] with some success. Almost all these theories and models, 
involve either the glass transition temperature, T , or the 
"equilibrium" glass transition temperature, T . The concept of 

O 

equilibrium glass transition temperature, T , becomes meaningful 

O 

due to the kinetic feature of i . e . depending on the rates of 

cooling, different glass transition temperatures are observed. 

The theoretical scheme which treats T in terms of volume is 

O 

called the free-volume theory [73] , and that which treats it in 
terms of entropies is called the excess "entropy or configurational 
entropy model [74,75] . Both the above models are 
quasi -thermodynamical models. Models based on microscopic 
behaviour such as transport properties as a function of molecular 
weight, dielectric relaxation etc. were also proposed. One of them 
is the "Dynamic Bond Percolation Model" proposed by Druger et al . 
[78-80] . Since the main objective in the present work is connected 
with the temperature dependence of free-volume and ionic 
conductivity in certain polymer-salt complex PEOrNH^ClO^, the 
model based on free-volume theory will be discussed in some detail 
along with a very brief introduction to other theoretical models. 
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3. 6 Free-volume model 

3.6.1 Introduction 

Before we go on to discuss the free-volume model and its 
application to mechanism of ion- transport in polymer electrolytes, 
a brief introduction to the concept of free volume in polymers and 
other amorphous solids and liquids will be given. This will not 
only help us to understand the mechanism of ion-transport in 
polymer electrolytes based on free volume but also help us to 
interpret positron lifetime results in polymers and polymer 
electrolytes 

3.6.2 Concept of free volume in liquids and solids 

Liquids, or for that matter many solids, have their volume 
partly occupied by molecules while the remaining part consists of 
'unoccupied' or "free" volume. This unoccupied volume is supposed 
to consist of "holes" of molecular dimensions or imperfections in 
the packing order of molecules which arises from their random 
array. Moreover these holes have varying shapes and sizes and 
therefore exist as a distribution. It is into this unoccupied 
volume that the molecules must be able to move in order to adjust 
from one configurational state to another [81] . It was Doolittle 
[82] who used the idea of free volume to explain the fluidity of 
certain hydrocarbon liquids. William-Landel-Ferry [72] developed 
the idea further to characterise the relaxation processes in 
polymers and other glass-forming liquids. Cohen and Turnbull [73] 
later gave a clear-cut formulation for the free-volume theory to 
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explain phenomenon of diffusion, viscosity, etc. 

Doolittle [82] defined the 'free volume' V„ for liquids in 

r 

terms of the expansion volume (V,^ - V^) where and represent 
the volumes at any temperature T and at 0 K respectively. This 
free volume was regarded by Fox and Flory [83,84] as being 

essential prerequisite for molecular motion by rotation or 
translation to occur. A minimum level for the free volume in 
reality will fix the point at which a glass structure will be 

frozen into the matrix. Therefore for any polymer, there is a 
temperature at which the "free volume" reaches a critical value 
below which there is insufficient room for any molecular maneuver. 
This temperature is known as the "glass-transition temperature" 

(T ) . 

g 

In the glassy state the free volume will be frozen in and 
will remain at a constant value and the "hole" size and 

distribution of free volume within the glass will similarly remain 
fixed below the glass- transition temperature. The glass will, 
however, contract or expand with decreasing or increasing 
temperature due to the normal expansion process of all molecules 
which result from the changing vibrational amplitudes of bond 
distance. Above the glass transition, in addition to the normal 
expansion process there will be an expansion of the free volume 
itself which will result in a larger expansion of the rubber than 
of the glass. This situation is represented in Fig. 3.5. If is 
the occupied volume of the glass at the absolute zero and V is 




Temperature 


Fig. 3.5 A schematic illustration of the free volume and 

their expansivities in the glassy and liquid states. The shaded 
area represent the available free volume (V^) [taken from Ref. 81] 
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the total volume at 



then 


V 

g 




(3.6) 


where if the frozen- in excess volume due to molecular 

immobility in the glass state. Similarly at a temperature above 

the glass transition (T > T ) , the volume V in the liquid (or 

g r 

rubbery) state is given as 


V 

r 




T - T 

q 

r ^ 


(3.7) 


The expansion of free-volume alone is represented by the 
difference in the expansivities of the liquid and glassy state 
i.e. 1^1 - . Hence if the volume expansion coefficient at any 

temperature and at the glass-transition temperature T^, are 
and respectively, then a^- a^= Aoc may be used to represent the 
volume expansion of free volume close to T^,. 

Various authors have used different definition of the free 
volume and there is still some confusion about its definition and 
measurement. According to Simha and Boyer [85] , free volume of the 
glass at T=0 is the difference between the occupied volume of the 


glass and the extrapolated value of the liquid volume at T=0 . An 


alternative and perhaps more widely used definition of the free 
volume of a polymeric glass arises from the work of Williams et 
al. [72] . This work by William et al. [72] helped empirical 
correlations to be obtained between the mechanical and electrical 
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relaxation times at a temperature T to a standard reference 

temperature (usually T ) for a series of polymers. It has also 

y 

enabled us to rationalize the viscoelastic and time -dependent 
mechanical and physical behaviour of polymeric materials close to 
their transition temperature. They defined a mechanical shift 
factor a^, to be the ratio of any relaxation process (say 
viscosity t), diffusion D, etc.) at a temperature T to its value at 
some reference temperature T , analytically expressed by the 
so-called WLF equation 


In a^ 


Ci(T - Tg) 

c— nr-^-f;) 


In 


t)(T) 


(3.8) 


where and are universal constants empirically determined for 
a wide range of polymers to be = -8.9 and = 102K An 

appropriate choice of T yields a universal plot of log (a„) as a 

S <1 

function of (T - T ) . The above eq. (3.8) can be replaced by 

s 

following expression involving T , 

y 


-17.44 (T - T ) 

1 — _ _ ? 

T 51.6 + (T - Tg) 


(3.9) 


where the numerical constants are obtained from experiments . 
Although there is no single definition of free volume, the basic 
concepts of the free volume in liquids and molecular solids in its 
qualitative form is well established. Bondi [86] has compiled the 
various definitions of the different possible concepts of free 
volume in amorphous materials (also see ref. [81]). 
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3.6.3 Fre.e— volume theory of ion— transport 

In practice, the application of the free-volume concept to 
polymer electrolytes consists largely of using the WLF 
relationship (eq. 3.8) for the physical properties (viscosity, 
storage modulus, diffusivity) and the VTF form (eq.3.4) for 
conductivity although the WLF and VTF equations are empirical and 
do not depend on free-volume theory for their derivation. The 
f^se-volume theory is simple and has been widely discussed as a 
theoretical frameworlc for understanding conductivity in polymer 
electrolytes [24] . According to the free-volume theory of ionic 
conductivity, the increase in temperature results in the 
expansivity of the material and produces local empty space or 
free volume, into which ionic carriers, solvated molecules, or 
polymer segments themselves can move. Therefore the overall 
mobility of the material, then, is determined by the amount of 
empty space or free volume present in the material . 

According to the free-volume theory of Cohen and Turnbull 

[72] , diffusion (inverse of the viscocity) is not an activated 

process and molecular transport processes occur by the movement of 

molecules into the voids/holes formed by the redistribution of the 

free volume. However, diffusion can take place only through those 

★ 

voids which have a size greater than a critical volume V , to 
permit molecules to jump into it. They used straightforward 
statistical mechanics (calculating the most probable distribution) 
to derive a probability distribution for void volume of various 
sizes by considering a liquid of hard sphere and obtained the 
following expression for the diffusion constant D [24] 
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D = gaU exp 


rv 


V, 


(3.10) 


where g is a geometrical factor, U is the thermal velocity of the 

molecules, a is roughly the molecular diameter, 3 r is a constant 

nearly equal to unity and is the total free volume available. 

Upon expanding, can be written by the following expression 

around the temperature at which the free volume disappears ; 


V. = a (T - T ) 
t m o 


(3.11) 


where V is the mean molecular volume over the temperature range 
m 

(T,T ) and a is the thermal expansion coefficient over the same 

O 

range. One can also expand the above eq. (3.11) around the glass 
transition temperature T so that 




(3.12) 


where V is the molar volume at T and f is the free volume 
g y y 

fraction at T . Eqs . (3.11) and (3.12) will be equivalent if 

g 


T = T - fJoL 

o g 9 


(3.13) 


Upon substituting eq.(3.11) into eq.(3.10), the expression 
diffusion coefficient takes the form 


for 


D = gau exp 


yv 


I aV^(T - T ) J 

^ TU o 


(3.14) 
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In polymer electrolytes, the moving particles which contribute to 
the ionic conductivity are the carrier ions and the ionic 
conductivity is expressed by eq. (3.2) . The ionic mobility ijl is 
related to the ionic diffusion coefficient D by the 
Nernst -Einstein equation 


h 


qp 

kj^T 


(3.15) 


One can arrive at eq. (3.8) involving 7)(T) or eq. (3.5) involving 
(j(T) using eqs . (3.2), (3.14) and (3.15), (provided we neglect the 

temperature dependence of the number of charge carriers) with 


'^2 ' 


1/9 

Further from equipartition theory u ~ T and eq. (3.15) , the free 
-volume theory yields the relationship same as that of VTF type 


cr = cr exp 

O 



(3.16) 


where the parameter B can be correlated with the and C 2 

parameters through 

B = 2.303 C^C2 = yV^/aV^ (3.17) 

One can, therefore, arrive at the VTF and WLF relations for 

from the free-volume theory.. Although the 


ionic conductivity 
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free -volume model of ionic conduction in polymers is simple to 
understand, this model has been subjected to criticism when it is 
used to explain the temperature dependence of ion- transport 
mechanism. This is so because cr(T) for different polymer 
electrolytes do not merely follow the VFT behaviour, and the 
reasons for this are 

(i) free- volume theory considers only the motion of the polymer 
host (and not the ionic hopping in the polymer-salt complexes) , 

(ii) the theory has been derived for rigid molecules which is not 
true in reality, and 

(iii) it does not take into account the temperature dependence of 
number of charge carriers . 

A more detailed discussion in this respect have been given by 
Ratner [87] . The polymer electrolytes which involve strong 
ion-polymer and ion- ion interactions present a much grater degree 
of complexity than the hard- sphere liquid of Cohen ' and Turnbull 
[72] . 

The observed pressure dependence of ionic conductivity in 
polymer electrolytes is also interpreted by free-volume type 
concepts. However in some cases free-volume models gave incorrect 
quantitative prediction of the pressure dependence of transport 
properties [76] . 

3. 7 Configurational entropy model 

There are some basic conceptual problems in the application 
of the free-volume model for ion transport in polymer 
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electrolytes. In some cases, the free-volume model gave a wrong 
estimate of the activation energy for ionic conductivity [32] . A 
more energetically accepted model is that of the polymer and 
associated ions undergoing cooperative fluctuations which lead to 
ion transport [32,, 88]. Gibbs and co-workers [74,75,89] have put 
forward a configurational entropy model for polymer properties. 
They gave an argument based on statistical mechanics to relate the 
relaxation properties of glass-forming liquids to their 
quasistatic-properties, characterized by the glass transition 
temperature T , the specific heats of the glass and the 

equilibrium melt. In their model the transition probabilities for 
glass -forming liquids are expressed in terms of the equilibrium 
distribution of an isothermal- isobaric ensemble of small systems 
of the size of the cooperatively rearranging region. The 
cooperatively rearranging region is defined as the smallest region 
that can undergo a transition to a new configuration without a 
requisite simultaneous configurational change on and outside its 
boundary. Adam and Gibbs [75] have, therefore, shown that the WLF 
functional dependence of polymer properties can be derived from 
configurational entropy model. Detailed mathematical formulation 
of this theory can be found elsewhere [24] . 

3. 8 Dynamic bond percolation model 

The well-known experimentally observed property that the 
crystalline phase has no conductivity and amorphous phase is 
responsible for the ionic conduction in polymer electrolytes,' has 
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been explained on the basis of static bond percolation model . But 
in the polymer electrolytes above the glass transition temperature 
(T > Tg.) the ionic motion is due to the combination of ionic 
translation motion/hopping and dynamic segmental motion of the 
polymer host which assists the ionic motion. Druger et al [78-80] 
gave a generalised 'dynamic percolation model' in which the 
segmental mobility has also been included along with the ionic 
motion. In this generalised model, the bonds which are closed or 
open change with characteristic rate A or characteristic renewal 
time T^(A = 1 /t^) . This change or renewal event is related to the 
segmental motion which either permits the ions to hop from one 
site to another site or give a pathway for ions to move. In other 
words, the segmental movement of the polymer facilitates the 
translational ionic motion. Thus the dynamic percolation model has 
been used to describe the various physical properties of polymer 
electrolytes such as dependence of conductivity on chain length of 
the polymers, molecular weight, applied pressure, effect of host 
polymer change, variation of stoichiometry, plasticization, 
frequency dependence of conductivity and dielectric relaxation 
etc . 

3. 9 Specific polymer electrolytes 

3.9.1 Alkali-metals ion-conducting, polymers 

Most of the alkali-metal ion -conducting polymer electrolytes 
are mainly Li- and Na-based ( very few are based on K, Rb) . 
Conductivity is mainly due to Li"^ and Na"*" ions which have small 
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conductors. Some of them are listed in Table 3.2. 
Polyether-transition metal salt systems are particularly 
interesting, because, in many cases distinct ionic species can be 
identified and quantified using visible spectroscopy [94,95] . 


3.9.4 Proton-conducting polymer electrolytes 

The term "proton-conducting polymer electrolyte" refers in 
general to the materials in which the charge transport is 
primarily due to H"'’, NH^ etc. Solvent -swollen polyelectrolytes 
have long been recognised as excellent protonic conductors [94] . 
Armand and co-workers [95] have focussed on rigorously anhydrous 
PEO-H^PO^ material, cast in thin-film form from 
tetrahydrofuran/accetonitrite solution. Armand group has also 
investigated polyamide electrolytes, including nylon 6 and 
acrylamide, complexed with H^PO^ and cast into films from methanol 
[96] . with cr = 10“'^ S.cm"^ and proton transport number t^ roughly 
equal to 0.9 at room temperature. 

However only few reports on the study of proton-conducting 
polymer electrolytes exist in the literature prior to 1990 
[97,98] . Most of the proton-conducting polymers studied are based 
on PEO, PEI, PAA, PVA etc. complexed with some ammonium salts/acids 
(Table 3.2) . Some proton -conducting polymer electrolytes based on 
PEO complexed with ammonium saLts such as NH^ClO^, NH^I, (NH^) 2 SO^ 
and NH^HSO^ have been developed [99-102] and these show anionic 
conduction apart from predominantly cationic (or H ) conduction. 

Although there exist a large number of polymers which act as 
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ER electrolyte MATERIALS 
(References given in the last column 
are shown separately at the end of this chapter) 


Type of Electrolyte 

Conductivity 

Temp . 

References 

J V ol. «JL JL 1 1 oL .1 m 

polymer electrolyte 

^ cm”^) 

(K) 


(PEO) -LiClO^ 


300 

[1] 

(PEO) -LiCF^SO^ 


3 73 

[2] 

(PVAc) -LiSCN 





~ 10 

300 

[3] 

(PVAc) -LiCF^SO^ 

1 n-9 



3 3 

-- 10 

313 

[3] 

(PESc) _-LiClO^ 

T n-5 



3 4 

- 10 

363 

[4] 

(PEO) o-Nal 




8 

-- 10 

318 

[5] 

(PPO) g-Nal 

~ 10-8 

300 

[6] 

(PPO) -LiBr 

1 n-5 




-- 10 

408 

[7] 

(PPO) -Lil 

1 n-5 




10 

338 

[7] 

(PEO) -LiSCN 

~ 1.4x10-8 

330 

[8] 

(PEO) -Lil 

1 X 10-”^ 

329 

[8] 

(PPO) -LiClO. 

1 n-5 



4 

-- 10 

343 

[9] 

L-Oppen 0 . 110 . si±vei oased 
polymer electrolyte 



1 . 

(PEO) gCu(CF2S02) 2 

1 

o 

H 

X 

in 

313 

[10] 

(PEO) gCu(ClO^) 2 

~ 10-8 

300 

[11] 

(PEO) CuSCN 





1 • 3 X 10 

300 

[12] 

(PEO) Cul 

1.25x 10-8 

300 

[12] 

(PEO)^AgClO^ 

1.3 X 10-8 

300 

[13] 

(PEO) -AgNO^ 

4 X 10-"^ 

300 

[14] 

Divalent /transit ion salt 
based polymer electrolyt 




(PEO) , ^Znl^ 




16 2 

3.6x10 

413 

[15] 

(PEO) .,PbI_ 

1 n ” ^ 



24 2 

~ 10 

473 

[15] 

(PEO)NiBr^ 

in-3 



2 

10 

423 

[16] 

(PEO) oZnCl_ 

in-4 



o Z 

~ 10 

393 

[17] 

(PEO)2QLa(ClO^)2 

~ 10-8 

353 

[18] 


(Continued on the next page) 
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host matrices for dissolution of salts to form solvent-free 
polymer electrolytes, most of them tend to have high T or 
substantial crystallinity, which makes the complexes poor ionic 
conductors in the temperature range of interest. Following 
approaches were made to modify the polymer electrolytes with an 
aim of enhancing their ionic -conductivity by 

(i) addition of another polymer to lower the T^, [103] and 
synthesis of flexible polymer backbone [71,100,103] . 

(ii) addition of low molecular weight to provide flexibility of 
polymers and polymer electrolytes, and 

(iii) making the host polymer mechanically stable by addition of 

ceramic fillers like a-alumina, ^-alumina etc. during 

casting [103] . 

Recently, approaches has been made to suppress the 
crystallinity of PEO, by randomly interrupting the OC^H^ repeat 
unit of PEO with OCH^ unit and good conductivity has been achieved 
at room temperature [105] . 

3. 10 Applications of polymer electrolytes 

The properties of polymer electrolytes such as their high 
compliance, good adherence to electrodes, and the possibility of 
fabricating the polymers into thin films are attractive not only 
for batteries but for many other electrochemical devices also. 
Some of the potential areas of application are briefly described 
below 

(a) High- energy- density batteries : The current research in 
high-energy-density batteries has been motivated towards 
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alkali-metal based ion- conducting electrolytes, particularly 
batteries based on polymer electrolytes doped with various lithium 
salts. The reasons to choose polymer electrolytes in batteries are 
(i) ease of formation of thin films of larger area which reduce 
the internal resistance of the battery thus improving the current 
density (ii) proper contact with the electrodes is possible, and 
(iii) it eliminates the use of inert porous separator existing in 
commercial batteries. Hooper et al. [106] and Gauthier and 
coworkers [107] have shown the validity of a film {50-2 00fjtm) cell 
concept as shown in Fig. 3.6. 

(b) Fuel cells :- Efforts have been devoted to fabricate fuel cells 
based on high temperature oxide-ion-conductive solid electrolyte 
most advantageous for power generation because of their structural 
simplicity [4] . 

(c) Gas sensors There are a number of reports on gas sensitive 

electrochemical devices using solid polymers as electrolytes [4] . 
Shimuzi et al . [108] reported a CO^ potentiometric sensor based on 

K^CO^ - polyethylene glycol (PEG) system supported on porous 
ceramics . Similar sensors based on polymer electrolytes for O 2 
[109] and [110] sensing have also been reported. 

(d) Electrochromic display (ECD) devices:- Another important 
application of the polymeric electrolytes is their use in 
electrochromic display devices [4] . ECDs are based on colour 
changes of certain kinds of materials due to electrochemical 
reduction or oxidation. Electrochromic displays, belonging to flat 
panel type, compete with liquid crystal displays (LCD) because 
both are passive type of displays. 
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Li negative electrode 
(50 to ISiivn) 


Carbon black 


V60l3 

X ^-^Polymer 



-C)CjH4-")9LiF3CS03] 
polymer electrolyte 
(25 to 50 ^m) 


I 

VsOis composite 
positive electrode 
(50 to 75 um) 


Ni current collector 
( less than 25 ^m ) 


(a) 


Li negative electrode 


Ni current collector 


VeOn composite 
positive electrode 


Li negative electrode 



Repeating 

stack 


•Li negative electrode 


Polymer electrolyte 

(b) 


Polymer 

electrolyte 



Insulator 
Ni current collector 


(c) 


V«Oi 3 composite 
positive electrode 


Fig. 3.6 (a) The thin film design of an all-solid-state 

battery and two typical configurations of a solid polymer battery 
(b) Bi-polar structure (c) Swiss-roll contiguration [taken from 
Ref. 4] . 
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CHAPTER 4 


TEMPERATURE DEPENDENCE OF POSITRON LIFETIME, FREE VOLUME, 

CONDUCTIVITY, IONIC MOBILITY AND NUMBER OF CHARGE CARRIERS IN A 

POLYMER ELECTROLYTE PEO COMPLEXED WITH NH^CIO. 

4 4 


4.1 Introduction 


In the previous chapter we have briefly introduced the topic 

of polymer electrolytes and outlined their structure and physical 

properties, ionic conductivity and their temperature dependence 

etc. along with a discussion on the free-volume model and its 

possible application to the mechanism of ion-transport in polymer 

electrolytes . In this chapter we are going to discuss the various 

physical properties of a proton conducting polymer "polyethylene 

oxide (PEO) complexed with ammonium perchlorate (NH^CIO^) " studied 

by us in the temperature range 300-370 K. These properties include 

free volume by positron lifetime spectroscopy, ionic conductivity 

by impedance spectroscopy, ionic mobility by transient ionic 

current technique, number of charge carriers, dielectric constant 

etc. The present sample (PEO+NH^ClO^ with 80:20 weight percentage 

composition) is essentially a solvent-free polymer-salt complex 

recently developed by Hashmi et al. [1] ' with high 

-5 -1 

ionic-conductivity (cr ~ 10 S.cm ) at room temperature which is 
nearly 10 times greater than pure PEO. This sample is dominantly 
a proton or H"*” ion (cation) conductor with a part of the 
conductivity coming from C10^~ (anion) transport in the bulk. The 
ion transference numbers for H''’and ClO^ ions are ~ 


0.085 and 
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0.08 respectively [1] - 

Although polymer electrolytes have been subjected to 
extensive studies, the mechanism of ion-transport in these 
materials is not yet clearly understood because of the involvement 
of many factors [2] like the degree of crystallization, relative 
values of the glass transition temperature (Tg) the melting 

temperature (T^) / intrinsic motion of elastomeric phase, degree of 
dissociation of salts in the complex which controls the number of 
charge carriers, interfacial effects, ion pair formation etc. It 
is also known that most of the visco-elastic transport properties 
of polymers depend strongly on temperature. Efforts have been made 
to study the temperature dependence of various experimentally 
accessible parameters e.g. ionic-conductivity, viscosity, 
ion-diffusion and structural and ionic relaxation rates etc. as a 
function of temperature to understand the conduction mechanism. 
The temperature dependence of observed ionic conductivity are 
mostly described in terms of various empirical expressions 
including the VTF (eg. 3.4) and WLF (eg. 3.5) relations which we 
have already discussed in Chapter 3 . The simplest is the Arrhenius 
form which is most appropriate for the thermally activated ionic 
motions (eg. 3.3). 

Attempts were therefore made to understand theoretically the 
VTF or the WLF relationships and its success in fitting the 
temperature dependence of ionic-conductivity data [3,4], although 
very little is known about the underlying microscopic conduction 
mechanism in the polymer electrolytes. Several models were 
proposed to explain the temperature • dependence of ionic 



13 


conductivity for variety of amorphous polymeric electrolytes 
[2,5,6] . Further, the concept of free volume [7] has been widely 
used over the last three decades for explaining some of the 
observed results in polymeric materials [8] . The observed 
temperature dependence of the electrical conductivity of 
ion-conducting polymers were also explained in terms of the 
free-volume theory [2] , about which we have already discussed in 
Chapter 3. Most studies have concluded that ionic transport, which 
occurs in the amorphous regions of the polymers, is the result of 
a coupling between the ions and segmental motions of polymer 
chains given sufficient "free volume" [9-11] . 

Therefore an explanation [2] for the behaviour of 
ionic-conductivity {a) with 1/T has been accepted in terms of the 
somewhat vague statement that the amorphicity ( and hence the free 
volume) increases with temperature and that this leads to an 
increase in the mobility and hence in the conductivity. It may be 
pointed out that such an explanation has been accepted even in the 
absence of any reported (in literature) direct measurement of 
number of charge carriers n and the mobility fi over a wide 
temperature range on any specific materials for which the 
measurements of free volume (usually a difficult measurement) has 
also been carried out. 

In Chapter 1, we have already discussed the usefulness of 
positron annihilation spectroscopy for studying the free-volume 
properties of polymeric materials. Although such positron lifetime 
studies have been performed for a large number of polymers as a 
function of temperature, pressure, time etc. [12-16] , very few are 
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reported for polymer electrolytes. Peng et al . [17] recently 

investigated the ionic conductivity of a polymer electrolyte based 
on poly (ether urethane) networks using positron lifetime studies 
and obtained a correlation between the fractional free volume 
present in the material and the observed temperature dependence of 
conductivity (cr) above the glass transition temperature (T^) . 
According to them [17] , the ionic transport takes place by 
segmental motion of the polymer chains with associated carrier 
ions and an increase in the free-volume with temperature will 
increase the mobility of the carrier ions due to an increase in 
the segmental motion of the polymer chain. However such 
correlation cannot be taken for granted due to the absence of any 
temperature dependence of mobility data in support of their 
explanation. Therefore, the theoretical explanation of the 
measured ion transport properties is still not satisfactory. 

The electrical conductivity cr in an conducting polymers is 
expressed in terms of the mobility n by eq. (3.2) . In the eq. 
(3.2) both cations and anions can contribute towards the total 
conductivity in polymer electrolytes. Further, n^^ and /J.^ are found 
to be temperature (T) dependent. Therefore, in order to understand 
the behaviour of cr with l/T we have to know: 

(a) variation of n with T, 

(b) mechanism of generation of mobile carriers, 

(c) variation of ii with T, 

(d) mechanism of temperature dependence of u and 

(e) whether the variation in n or )U is the controlling factor ? 

In the present work we have tried to address ourselves to 
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some of these vital questions by choosing the polymer electrolyte 
polyethylene oxide complexed with JJH^CIO^ (or PEOrNH^ClO^) on which 
systematic studies could be performed. The ion transport in this 
proton conducting polymer electrolyte PEOrNH^ClO^ have already 
been characterised [1] using optical spectroscopy, XRD, DTA, IR, 
coulometry, transient ionic current and electrical conductivity 
studies. In the present chapter we will discuss the results of the 
following systematic studies on PE0:NH^C10^ and analyze them to 
obtain partial answers to some of the vital questions raised 
above : 

(i) temperature dependence of the bulk electrical conductivity 
using impedance spectroscopy technique, 

(ii) temperature dependence of mobilities using transient ionic 
current technique, 

(iii) temperature dependence of the number of mobile charge 
carriers from the knowledge of the respective values of cr and ii , 

(iv) temperature dependence of the mean free volume and also 
their probability density function by positron annihilation 
technique . 

We have carried out all the measurements (i) to (iv) listed 
above, both above (T > T ) and below (T <T ) the melting 
temperature because most of the properties are expected to 
change significantly at T^.. Secondly the choice of the material to 
be studied had to be guided by the criteria that significantly 
large changes in the physical properties like cr, n or y, free 
volume etc. should be observed. We have shown in Figs. 4.1(a) and 
(b) the observed behaviour of cr vs 1/T reported by various workers 



14 : 


[1,2,18-20] for some H"'’ and Li"^ ion-conducting PEO based polymers. 
It is observed that these polymers (or for that matter all other 
known ion- conducting polymers) show one of the following types of 
temperature dependence of cr near T^: (i) sharp increase in cr at 

and an Arrhenius -like behaviour above and below as shown by 

curves A,B,C (Fig. 4.1(a)) and E (Fig. 4 . 1 (b) ) , (ii) no sudden 
increase in cr at i.e. a curved cr ys l/T plot as shown by curve 
D (Fig. 4.1(a)) and F (Fig . 4 . 1 (b) ) . Such variation in the ionic 
conductivities of the polymer electrolytes are generally 
described by the so called Vogel -Tamman- Fulcher (VTF) and 
Williams-Landel-Ferry (WLF) equations already discussed in Chapter 
3, and (iii) high (but not so sudden) increase in cr at spread 
over a relatively larger temperature range as shown by curve G 
(Fig. 4.1(b)) . Since our aim was to study the mechanism of the 
ionic conductivity in the polymer electrolytes and its correlation 
with the number of charge carriers (n) , mobility '(/i) , free-volume 
etc., we found it important to choose a system in which distinct 
and large change in cr with temperature (especially around T^) is 
observed. The data collected in Figs. 4.1 (a) and (b) indicate 

that the system PEOrNH^ClO^ (curve B in Fig. 4.1(a)) fulfills this 
criterion best and hence this material has been chosen for the 
present study. Further, this polymer electrolyte has already been 
studied in detail by Hashmi et al. [1] . Their studies of the 
composition dependence of conductivity [1] have also shown that 
the 80:20 weight percentage composition of PEOiNH^ClO^ has the 
highest conductivity at room temperature and hence this 
composition was chosen for the present work. 
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The results of the present work are described below. The most 
significant result obtained by us for the present material is that 
both cr and free volume show rapid increase at T ~ T^. However the 
increase in the free volume is not associated with an increase in 
the ionic mobility. In view of this, the changes in the mobility 
cannot be the primary cause for the variation of o'. On the other 
hand, the number density n, is found to change rapidly at T^ and a 
suitable dissociation model has been proposed by us to account for 
this increase in n at T^. The positron lifetime data have been 
analyzed to provide a detailed discussion of the free volume and 
its distribution, hole size etc. 

4. 2 Experimental 


The sample of polyethylene oxide (PEO) complexed with 
ammonium perchlorate (NH^ClO^^) under study was prepared in the 
laborato 2 ry of the Department of Physics, Banaras Hindu University, 
Varanasi,' India [1] and the other related characterizations and 
measurements (except positron lifetime measurements, which were 
studied by us at Indian Institute of Technology, Kanpur, India) 
for the samples were also carried out in their laboratory 
[1,21,22] . However, for the sake of completeness, we will briefly 
describe the method of sample preparation and the 
apparatus /methods used for studying the temperature dependence of 
ionic-conductivity, mobility, dielectric constant etc. which are 
directly related to the interpretation of our results in the 
present work. 
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The sample PEOzNH^ClO^ (80:20 wt . %) was prepared by solution 
cast technique. Desired amount of PEO (MW ~ 6 x 10^) procured from 
Aldrich and NH^ClO^ (obtained from VEB Laborchemie Apolda, 
Germany) were dissolved in dehydrated methanol and stirred 
thoroughly. Resulting solution of polymer-salt was poured into 
polypropylene dishes for casting the films by slow evaporation. 
Finally, the films were dried under vacuum to eliminate all traces 
of the solvent. Resulting film (~ 300 ^m thick) was essentially a 
solvent-free polymer-salt complex of PEOrNH^ClO^. 

The experimental arrangement for temperature dependence of 
conductivity measurement is shown in Fig. 4.2. The temperature of 
the furnace was monitored by a temperature controller/ indicator 
model-806 (Century Instrument Pvt. Ltd., Chandigarh, India). The 
electrical conductivity of the PEOiNH^ClO^ sample was measured in 
the temperature range 300 K to 400 K using vacuum- coated silver 
electrodes. The complex impedance/admittance plots were obtained 
using computer-controlled Schlumberger Solartron (1250) frequency 
response analyzer coupled with a Solartron (1286) electrochemical 
interface. The temperature dependence of the electrical 
conductivity was evaluated using the complex impedance/adraittance 
plots [23,24] . 

The transient ionic current (TIC) measurement technique was 
used to detect number of different types of mobile ionic species 
in the bulk and to evaluate their respective mobilities. This 
technique has been extensively applied by Chandra et al. [23] to 
proton conductors for similar studies. In this method, the sample 
was kept between two blocking electrodes and then polarized by 
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-g> 4.2 Experimental arrangement 

inductivity measurements [taken from Ref. 21] . 


for 


electrical 
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applying a dc electric field with Ag electrodes as shown in Fig. 
4.3 (a) . The polarity of the field was then reversed after a 
certain period of polarization. On reversing the polarity of the 
applied field, these ionic species start to move in the reverse 
directions. The transient ionic current was monitored as a 
function of time after reversing the polarity of the polarising 
voltage using a X-Y-t recorder (Riken Denshi Model D-BF) . Since 
the different ions have different mobilities, they will reach 
their counter electrodes at different times giving peaks in the 
current ys time plots as shown in Fig. 4.3 (b) . The number of 
peaks corresponds to the number of mobile ionic species . The 
mobility, n, of mobile ionic species was calculated using the 
formula [21] 

d^ 

^ = -or (4.1) 

where d is the thickness of the sample , V is the voltage applied 
and t is time of flight corresponding to the current maxima. 

The variation of dielectric constant of the sample with 
temperature was also measured. These data were needed for the 
interpretation of some of the results described later in this 
chapter. The dielectric constant was calculated from the ratio of 
the measured capacitance with and without dielectric {polymeric 
film) . The capacitance was measured by using a capacitance meter 
(Boonton Electronics, Model 72B) . The frequency of IMHz was chosen 
to avoid relaxation effects of double layer or 
electrode-electrolyte interface. 




4.3 (a) Experimental arrangement for transient ionic 
rent technique for mobility measurement. (b) A typical 
nsient ionic current ys time plot of PE0:NH^C10^ system [taken 

m Ref . 21] . 
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Positron lifetime measurements were carried out in our 

laboratory at Indian Institute of Technology, Kanpur at room 

temperature using a conventional fast -fast coincidence 

spectrometer already discussed in Chapter 2 . The source of 

22 

positron (about IS/iCi of NaCl) was sandwiched between two 
identical specimens of the sample. Polymer electrolyte films were 
stacked to prepare specimens of about 1 mm thickness . The typical 
time resolution of our spectrometer was 0.32 ns (FWHM) as measured 
by the prompt spectrum from Co source. For measuring the 
temperature dependence of positron lifetime spectra, the 
source-sample assembly was placed inside a specially designed cell 
(Fig. 4.4) and the temperature of the cell were controlled using a 
microprocessor-based programmable temperature controller 
(Indotherm MPC 5 00) with an accuracy of ± 1 K. The lifetime 
spectra were measured in the temperature range 298 K to 353 K in 
steps of about 5K both during the heating and the cooling cycle. A 
total of about 5 x 10^ counts were recorded under each lifetime 
spectrum. Prompt spectra were taken regularly to monitor the 
instrumental stability. 

The measured lifetime spectra were analyzed in two ways. In 

the first method the lifetime spectra were subjected to a 

least -squares fitting procedure using the computer program PATFIT 

2 

(see chapter 2) . Our analysis showed that best x (< l-D and most 
acceptable standard deviations were obtained when each spectrum is 
fitted in terms of three lifetime components. In our analysis we 
have constrained to 0.13 ns in order to obtain a result for 

and [26] . It may be mentioned that we have also carried out 



1 


Positron lifetime measurements were carried out in our 

laboratory at Indian Institute of Technology, Kanpur at room 

temperature using a conventional fast- fast coincidence 

spectrometer already discussed in Chapter 2 . The source of 

22 

positron (about 15/nCi of NaCl) was sandwiched between two 
identical specimens of the sample. Polymer electrolyte films were 
stacked to prepare specimens of about 1 mm thickness. The typical 
time resolution of our spectrometer was 0.32 ns (FWHM) as measured 
by the prompt spectrum from Co source . For measuring the 
temperature dependence of positron lifetime spectra, the 
source-sample assembly was placed inside a specially designed cell 
(Fig. 4.4) and the temperature of the cell were controlled using a 
microprocessor-based programmable temperature controller 
(Indotherm MPC 500) with an accuracy of ± 1 K. The lifetime 
spectra were measured in the temperature range 298 K to 353 K in 
steps of about 5K both during the heating and the cooling cycle. A 

g 

total of about 5 x 10 counts were recorded under each lifetime 
spectrum. Prompt spectra were taken regularly to monitor the 
instrumental stability. 

The measured lifetime spectra were analyzed in two ways. In 

the first method the lifetime spectra were subjected to a 

least -squares fitting procedure using the computer program PATFIT 

2 

(see chapter 2) . Our analysis showed that best x (< l-D and most 
acceptable standard deviations were obtained when each spectrum is 
fitted in terms of three lifetime components. In our analysis we 
have constrained to 0.13 ns in order to obtain a result for 
I and I- [2 6] . It may be mentioned that we have also carried out 
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an analysis by removing the constraint on the value of . This 
analysis yielded a value of x^ in the range x^ = 0.10-0.14 ns 

while the values of x^ (lifetime of present interest) and 
showed a typical deviation that was less than 5% from the values 
obtained by fixing x^ = 0.13 ns. The accompanying effect on the 
free-volume hole radius (see next section) was also found to be 
less than 5%. In view of this we have constrained x^ to 0.13 ns. 

Our second method of analysis involved determination of the 
annihilation rate probability distribution function (PDF) Xa{X) 
versus X (annihilation rate) using the computer program CONTIN 
already discussed in Chapter 2 . In the present analysis using the 
CONTIN program we used the annihilation rate X = 9.1 ns”^ from 
well-annealed and high-purity (99.99+ %) nickel as a reference 

while a total of 85 grid points over the range 0.25 < X < 13 ns~^ 
were used. 

4.3 Results and discussions 


As mentioned earlier, the sample PEO:NH^ClO^ has already been 
characterized and studied in detail by Hashmi et al. [1] for 
different percentage composition of NH^ClO^ . A tentative phase 
diagram [21] based upon the DTA studies is shown in Fig. 3.3. From 


the figure, it is obvious that apart from crystalline 

(PEO) V phases, there are also phases related to 

- amorphous ^ ^ 


(PEO) 


crystalline complex 


and its melting. For the present sample 


(PEOrNH CIO with 80:20 wt. % composition) two endothermic peaks 
at T = 33 9 K and T = 329 K were observed in the measured 



differential thermal analysis spectrum [24] corresponding' to the 
melting temperature of the pure crystalline PEO and crystalline 
complex material respectively. 

4.3.1 Positron lifetimes, free volume and related distributioi 

functions 

We shall first present our results obtained from the positron 
lifetime spectroscopy. Typical positron lifetime spectra at two 
different temperatures measured by us for the present sample is 
shown in Fig. 4.5. The positron lifetime spectra measured for the 
PEOiNH^ClO^ (80:20 wt %) at room temperature were first analysed 
by the PATFIT computer program and each of the lifetime spectrum 
measured in the temperature range 298 - 353 K showed the presence 
of three lifetimes: = 0.13 ns, (I^ = 39 - 44 %) , = 0.41 - 

0.44 ns (I 2 = 44 - 50%) and = 1.6 - 2.4 ns (10 - 12%) where the 
range of values of the intensities (I) is given in brackets. It is 
generally believed that the lifetime z^ = 0.13 ns arises mostly 
due to the annihilation of singlet Ps (or p-Ps) while the second 
lifetime z^ = 0.41 - 0.44 ns arises from the free (or unbound) 

annihilation of positrons. The longest or the third lifetime z^ = 
1.6 - 2.4 ns is due to triplet Ps (or o-Ps) annihilation. In 
the case of present results I^ is much larger than I^/^ 3-^*^ this 
suggests that the I^ component receives contributions from p-Ps as 
well as other modes of annihilation. 

Following earlier approach [27-29] , and assuming spherical 
shapes for the free volumes holes we make use of the semiempirical 
relationship given by eq. (1.17) to determine the free volume 
hole radius R from the observed lifetime z^ (for details see 
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Fig. 4.5 Positron lifetime spectra 

temperatures in PE0:NH.C10. (80:20 wt %) . 


at 


two different 
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Chapter 1) . The values of evaluated by the PATFIT program and 
the values of R calculated from eq. (1.17) are shown in Table 4.1 
along with and the values of intensities (I^, i = 1,2,3 and 

I +I„ + I^ = 100) . The temperature dependence of x , I and I„ are 

A 1. A 

plotted in Fig. 4.6. The temperature dependence of x^ and are 

plotted separately in Figs. 4.7 and 4.8 respectively, where the 

variation with l/T is plotted because other physical properties of 

polymer electrolytes are usually described as a function of (l/T) . 

The values of R calculated from x^ were also used to obtain the 

3 

hole volume = 47rR /3 , and the variation in the value of 

(see right axis) is also shown in Fig. 4.7. 

From the Fig. 4.6, we find that x^ as well as and do 
not show any significant variation over the temperature range 298 
- 33 9 K. Above the melting temperature (Tm^) of crystalline PEG 
the values of x^ and drops slightly and the value of changed 
(increased in this case) by almost the same amount as that of I^. 
It may be noted that intensities are connected by = 100% 

and hence change in any of the intensities is also going to affect 
the others. Small changes that occur in the values of x^, and 
above Tm^ is due to the change in the physical state of the 
material (i.e. semicrystalline state changes to amorphous state 
above Tm^) in which the positrons are annihilating. Since our main 
interest lies in the study of free volume properties related to 
the values of x^ and for the present sample, we are not going 
to discuss the lifetime parameters x^, and and their 

temperature variations any further. 

Our results of x^ versus l/T (Fig. 4.7 and Table 4.1) show an 
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'ig* 4.6 Temperature variation of positron lifetime 
larameters and in PEOrNH^ClO^ (80:20 wt %) . Open symbols 
.escribe the data for increasing temperature, while solid symbols 
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Fig. 4.7 Temperature dependence of o-Ps lifetime, in 

polyethylene oxide complexed with ammonium perchlorate 
(PEO:NH CIO.) (80:20 wt %) . Positions indicated by the arrows 1 and 
2 correspond to the melting temperatures of uncomplexed PEO (Tra^~ 
339 K) and crystalline complexed material (Tm 2 - 239 K) [Ref. 21]. 
Open symbols describe the data for increasing temperature, while 
solid symbols describe the data for decreasing temperature. 




Ps in tens 



Fig. 4.8 Same as Fig. 4.7, 

D-Ps lifetime intensity, I,- 


but for the temperature dependence of 




increase in with temperature leading to an increase in the 

radius of the free-vplume hole (in which o-Ps is annihilating) 
with temperature. However the variation in is not linear with 
temperature. Initially the rate of increase in with temperature 
is small in the range 298 to 320 K. This small increase in ( or 
the hole volume) is in accordance with the normal thermal 

expansion of the free volume holes [30] . Above 320 K, x^ increased 
at a much faster rate with further increase in the temperature. 
The change in the slope of x^ versus 1/T plot around 320 K is an 

indicative of the onset of a phase transformation. As mentioned 

earlier, the DTA spectrum [21] showed two endothermic peaks at 
Tm^= 339 K and Tm^ = 329 K corresponding to the melting of the 
uncomplexed PEO and crystalline complexed material . In other words 
the change in the behaviour of the x^ versus l/T plot over the 
temperature range 320 - 340 K corresponds to the gradual 

transformation of the material from semicrystalline to amorphous 
phase which resulted in the increase of free volume hole radius 
quite rapidly over this temperature range. This observed 
behaviour conforms to the known behaviour of free volume in the 
polymers [3 0] . Above 340 K the material actually softens and the 
value of show a saturation. We also notice that almost 

followed the same course during the heating and the cooling 
cycles, which further suggest that the whole process is almost 
reversible within the range of temperatures measured. 

Although we have observed a large variation in x^ (or the 
free-volume hole size) with temperature (Fig. 4.7), the values of 

(Fig. 4.8) do not show any significant variation in 
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the entire temperature range of 2 98 to 3 53 K. This may suggest 
that the free-volume hole-density in the sample remained constant 
over the temperature range of 298 to 3 53 K for which is almost 
constant . 

The total free volume available in a polymer is determined by 
the hole volume as well as the density (number of free-volume 
sites) of the holes although the dependence of these two factors 
is not separately understood. According to the Ps-hole theory the 
probability of o-Ps formation is related to the fraction of 
free-volume hole space, F^, in a polymer [16,31] . A simple 
semiempirical equation has been proposed [16,31] for F^, 

= Al3V^ (4.2) 

where is the o-Ps intensity and is the hole volume and A is 
a parameter (for che particular material) to be determined. In the 
present case, is observed to be basically constant with 
temperature (Fig. 4. 8) and application of eq. (4.2) shows that F^ 
is almost proportional to and hence should show a temperature 
dependence similar to that exhibited by in Fig. 4.7. Moreover, 
in the present case we do not know the parameter A, and only a 
relative free volume fraction, F^ (= [17] can be calculated 
by assuming A=1 and the temperature variation of F^ is shown in 
Fig. 4.9. The relative changes in the total free-volume fraction 
present in the sample should, therefore, be approximately 
represented by that of F^. 

On the other hand Ito et al. [33] have argued that both the 
chemical factor (e.g. electron affinities) and the physical factor 
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g. 4.9 Temperature dependence of relative fractional free 

lume in PEO :NH^C10^ (80 ; 20 wt %) . Positions indicated by 1 and 
correspond to melting temperatures of uncomplexed PEO (Tm. ~ 339 
and crystalline complexed material (Tm^- 23 9 K) . Open symbols 
scribe the data for increasing temperature, while solid symbols 
scribe the data for decreasing temperature. 



(e.g. hole size distribution) determine the o-Ps intensity o: 

-values in polymers. In the present sample the chemical factor 
does not change and is observed to remain almost constant witt 
temperature. The physical factor can control through the hole 

volume size and the hole density. The present results (Fig. 4.7) 
already indicate a variation of the hole volume size with 
temperature but no corresponding variation in with temperature. 
Unless the effects of hole volume size and hole density on 
cancel out, we can interpret the constancy of as well as the 
low Ps yield to mean that -values in the present case are 
determined by the chemical factor. If this ,is true then the 
present results for I^ may not offer much information about the 
hole density. If it is assumed that hole density does not change 
with temperature, we can conclude that the observed increase in 
the hole size with temperature (Fig. 4. 7) will lead to proportional 
increase in total free volume . Similar conclusion based on the 
interpretation of eq. (4.2) was arrived in the last paragraph. It 
is interesting to note that Peng et al . [17] have interpreted 

their positron lifetime results for PEU-LiClO above T by 
proposing that the increase in total free volume with temperature 
arises out of the growth in hole size rather than an increase in 
number of holes. Recently Jean [16] has reviewed our present 
understanding of the applications of positron annihilation 
spectroscopy to the study of hole size, content, distribution and 
anisotropic structure in polymers and has posed several questions 
that need to be answered before a more comprehensive understanding 


is reached. 



By analyzing the measured positron lifetime spectra with th( 

CONTIN program we have been able to determine of positron lifetime 

2 

probability density function, X a(X), and our results for some 
representative temperatures are shown in Fig. 4.10 (a) and (b) 

during the increasing and decreasing temperatures respectively. 
Using the CONTIN results the mean positron lifetimes and 
intensities (r^ and i = 1 - 3) have also been obtained with 

the help of the formulae [34] 




T . = 

1 


a. X. X .dx . / 
11 1 1 ' 


a. .X. dx . 
11 1 


(4.3) 


and 


I . 
1 


a . X . dx . 
11 1 


(4.4) 


and their values are given in Table 4.2. We note that there is a 
good agreement between the peak positions of the three peaks 
resolved by the CONTIN program (Table 4.2) with those obtained by 
the PATFIT program (Table 4.1) . The expanded profiles of the 
extreme right peaks (corresponding to x^) in Fig. 4.10 (a) and (b) 
are shown in Fig. 4.11 (a) and (b) to present the o-Ps lifetime 
distributions PE0:NH^C10^ (80:20 wt . %) at different temperatures. 

Following Jean and Deng [35] we have defined the free-volume 
hole-radius probability density function, f (R) ; as probed by Ps, 
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Fig. 4.10 (Continued) 











TABLE 4.2 


Temperature dependence of mean positron lifetime parameters in polymer elec- 
trolyte PE 0 :NH 4 C 104 (80:20 wt %) obtained from the CONTIN analysis. 


Temperature 

T(K) 

'Tl 

(ns) 

■^2 

(ns) 

T3 

(ns) 

h 

{%) 

I 2 

(%) 

h 

(%) 

(A) 

298±2“ 

0.136 

0.434 

1.680 

43.26 

45.64 

11.10 

2.54 

298±2'' 

0.136 

0.424 

1.623 

43.89 

44.50 

11.61 

2.48 

303±2“ 

0.136 

0.437 

1.689 

43.09 

46.27 

11.13 

2.55 

305±2^ 

0.136 

0.413 

1.623 

43.61 

44.68 

11.71 

2.48 

308±1“ 

0.136 

0.427 

1.698 

42.48 

46.53 

10.99 

2.56 

310±1* 

0.136 

0.411 

1.674 

43.12 

45.34 

11.54 

2.54 

313±1“ 

0.135 

0.441 

1.761 

42.94 

46.33 

10.73 

2.63 

315±1^ 

0.134 

0.423 

1.703 

42.93 

45.99 

11.19 

2.57 

318±1“ 

0.135 

0.430 

1.806 

43.41 

45.83 

10.77 

2.67 

322±1'’ 

0.134 

0.431 

1.850 

43.70 

45.29 

11.01 

2.72 

323±1“ 

0.132 

0.418 

1.826 

43.33 

45.52 

10.15 

2.69 

325±1^ 

0.132 

0.424 

1.940 

43.75 

45.59 

11.31 

2.80 

328±1“ 

0.134 

0.427 

2.041 

42.41 

46.37 

11.22 

2.89 

330±1^ 

0.136 

0.434 

2.040 

43.70 

45.04 

11.21 

2.89 

332±1“ 

0.136 

0.440 

2.120 

42.70 

46.47 

10.83 

2.95 

335±1“ 

0.135 

0.439 

2.205 

42.04 

47.27 

11.60 

3.04 

336±1^ 

0.138 

0.418 

2.414 

41.73 

47.73 

11.40 

3.24 

338±1“ 

0.140 

0.430 

2.362 

41.28 

47.19 

11.54 

3.17 

338±1'’ 

0.133 

0.419 

2.418 

39.08 

49.41 

11.51 

3.21 

340±1'' 

0.137 

0.423 

2.415 

39.94 

48.53 

11.53 

3.21 

340±1“ 

0.133 

0.433 

2.415 

42.68 

46.14 

11.18 

3.21 

342±1* 

0.132 

0.431 

2.414 

• 40.41 

48.09 

11.50 

3.21 

343±1^ 

0.138 

0.424 

2.381 

40.59 

47.89 

11.52 

3.18 

345±1“ 

0.134 

0.428 

2.400 

42.33 

46.21 

11.47 

3.20 

347±1^ 

0.139 

0.412 

2.398 

40.10 

48.29 

11.61 

3.20 

348±1“ 

0.129 

0.426 

2.388 

39.67 

48.65 

11.68 

3.19 

353±1“ 

0.134 

0.423 

2.363 

39.69 

48.78 

11.53 

3.17 


“ increasing temperature 
^ decreasing temperature 

R are the mean free-volume hole radii obtained by using and eq. (1.17). 
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Fig. 4.11 


o-Ps lifetime distribution functions in PE0:NH^C10^ 


(80:20 wt %) at different temperatures for (a) increasing and (b) 
decreasing temperature. The data correspond to the right hand 
peaks in Fig. 4.10 (a) and (b) respectively. 



to be 



where we have not applied any correction factor for the Ps 

trapping [25,34]. The quantity, f (R) dR, then describes the 
fraction of free-volume holes having radii between R and R + dR. 
The present results for f (R) corresponding to the o-Ps lifetime 
distributions shown in Fig. 4.11 (a) and (b) are plotted against R 
in Fig. 4.12(a) and (b) respectively and they show that as the 
temperature is changed from 298 to 353 K, the free-volume holes 
expand in size with their distribution function moving to higher 
radii while the mean radii changes from 2.5 A to 3.20 A. We 
further notice that the f (R) functions (Fig. 4.12) appear fairly 
symmetric and can be approximately described by a Gaussian- type 
function whose FWHM changes from 0.8 to 0.6 A. Jean and Dai [36] 
have pointed out that two major effects, the counting statistics 
and the instrument instability, contribute to a dispersion of 
lifetime distributions when CONTIN program is used to investigate 
free-volume hole distributions. In our studies we have tried to 
maintaine good counting statistics and instrumental stability. The 
curves shown in Fig. 4. 11 are raw results, not subjected to any 
deconvolution for natural broadening. The observed narrowing of 
the f (R) distributions, if real, needs a suitable explanation. One 
possible explanation is that "Ps bubbles" are formed above the 
melting temperature and they might have a larger size and a 
narrower size distribution than the free volume holes present at 
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Fig. 4.12 Free-volume hole radius distribution functions f (R) 

in PE0:NH^C10^ (80:20 wt %) at different temperatures 

corresponding to the o-Ps lifetime distributions shown in Fig. 4.11 
((a) and (b) ) for (a) increasing and (b) decreasing temperature. 
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lower temperature. A more systematic investigation is necessary tc 
check these possibilities. In view of the uncertainties brought b^. 
the experimental factors [36], the distributions shown in Fig. 
4 . 12 have to be interpreted qualitatively rather than 
quantitatively and they show only a certain trend. It is 
interesting to note that the present results for R lie in the 
range 2.5 - 3.0 A which is consistent with the values obtained 
from molecular dynamics simulation. [37] 

From the free-volume hole radius probability density function 
f (R) , one can also determine the probability density function for 
hole volumes, g(V), by assuming a spherical hole and it can be 
expressed as 


g(V) = — (4.6) 

4ttR 

The fraction of the hole volume distribution as determined by o-Ps 

annihilation in holes with a volume between V and V + dV is given 

by g(V)dV. The results of hole volume distribution, g(V) obtained 

in this way are shown in Fig. 4.13(a) and (b) . It is observed that 

the hole volume distribution, g(V), are asymmetric with a skewing 

tendency towards larger volumes. The width of the peaks also 

become larger at higher temperature with the volume distribution 

• 3 

varying from 20 to 200 A in the temperature range 298 to 353 K. 
The above distribution of hole volumes should once again be taken 
as qualitative due to the limitations stated above together with 
the resolution of the measuring apparatus. 




4 . 3.2 


Conductivity, mobility, number of charge carriers and fre 
volume 

The results for the temperature dependence of conductivit] 
(cr) and ionic (cationic and anionic) mobilities ( it’*’ and ii ) are 
shown in Fig. 4.14. These results show a change of slope in the o 
versus l/T plots of PE0:NH^C10^ (80:20 wt %) at T^ and similar 

behaviour has been observed by many workers in other polymeric 
systems. The cationic and the anionic mobilities (Fig. 4.14), 

however, do not show significant change at the melting 
temperature, T^. In general, the enhancement in the conductivity 
at T^ was earlier explained on the basis of an increase in the 
mobility values occurring during the crystalline-to-amorphous 
phase transition of the material. 

As already discussed in the introduction, the approach used 
to explain the temperature dependence of the conductivity in 
polymers [2,38,39] is based either on the empirical 
Vogel -Tamman- Fulcher (VTF) relation (eq. 3. 4) or the 

Williams -Landel -Ferry (WLF) empirical relation (eq. 3.5) for 
polymer relaxation processes. The possible relationships between 
these empirical relationships and various free-volume models have 
also been discussed in the literature [2,40] . Proponents of the 
applicability of the free-volume theory to the ionic transport in 
polymer electrolytes point out that conductivity as well as free 
volume increases with temperature and hence suggest that the ionic 
transport in these materials can be assumed to occur through the 
carrier ions assisted by the segmental motion of the polymeric 
chain which will increase with the increase in the free volume. In 




Fig. 4, 14 Temperature dependence of cationic in ) and 

anionic (ju ) mobilities along with the conductivity (o') for 
PE0:NH^C10^ (80:20 wt %) at different temperatures. Positions 

indicated by 1 and 2 correspond to the melting temperatures of 
uncomplexed PEO (Tm^~ 339 K) and crystalline complexed material 
(Tm.,- 239 K) . 


Mobility \i (cm^/ V. s) 



this picture one, therefore, expects that with the increase i 
free volume with temperature the diffusive displacement { an- 
hence the mobility) of the carrier ions should also increase. I] 
other words, the pattern of increase in free volume should be 
reflected in the variation of mobility with temperature. The 
measurement of the temperature dependence of free volume (Fig. 
4.9) and mobility (Fig. 4.14) in PEOrNH CIO. (80:20 wt %) , 
however, does not yield such a similar pattern. These results 
indicate that an alternative explanation has to be sought. 

We recall that cr = neu and hence the mobility is not the lone 
controlling factor which could explain the jump in the: 
conductivity at T^. We may ascribe the conductivity changes to a 
change in the number of charge carriers. The number of mobile 
charge carriers (cations and anions) can be calculated using the 
following equation 



(4.7) 


where .t'*^ .and t are the cationic and anionic transference numbers 
and they have already been determined for PEO.-NH^ClO^ (80:20 wt %) 
from coulometric investigations [21] . 

Using eqs . (3.2) and (4.7), and the experimental data for 
cr(T) , m(T) , t"^ and t , the number of mobile cations (n"^) and 
anions (n ) were calculated and their temperature dependence is 
shown in Fig. 4.15. It is interesting to note that the variation 
in the number of charge carriers is not linear and that it shows a 
somewhat steeper gradient near T^ as the temperature is raised 




Fig. 4.15 Variation of number of mobile cations (n"^) and 

anions (n") with temperature for PE0:NH^C10^ (80:20 wt %). 

Positions indicated by 1 and 2 correspond to the melting 
temperatures of uncomplexed PEO (Tm^~ 33 9 K) and crystalline 

complexed material (Tm^~ 239 K) . 


from room temperature. This indicates that the dissociation c 
complexed salts is increasing rather rapidly around . On th 
basis of dissociation theory of electrolytes, the dissociation o 
ionic salts is determined by the dissociation energy 'U' and thi 
effective dielectric constant (e) of the medium. Barker and Thomas 
[41] gave the following expression for the number of dissociatec 
ions, n. 


n 




(4.8) 


or 


In n . In 


(4.9) 


where n^ is constant. This relation predicts a linear behaviour of 
In n 3 £s l/cT. A knowledge of e is necessary if In n is to be 
plotted against 1/cT . Hence the dielectric constant of the sample 
was also measured at different temperatures and the results are 
shown in Fig. 4.16. We note that the dielectric constant increases 
more rapidly above T^^. The values of the dielectric constant were, 
therefore, used to plot In n against 1/eT. Such a plot of In n 
versus l/sT in fact gave a linear fit as shown in Fig. 4.17. 

The value of the dissociation energy (U) in eq. (4.9) was 
obtained from the slopes of the straight lines (Fig. 4.17) to be 
2.4 eV. Interestingly the value of U for the ammonium salts is 
nearly the same [21] . Therefore, the dissociation model of Barker 
and Thomas [41] appears to explain the increase in n observed in 
the present sample quite satisfactorily, with the dielectric 
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Fig. 4.16 The dielectric constant at different temperature 

for PEO:NH CIO (80:20 wt %) . Positions indicated by 1 and 2 

correspond to the melting temperatures of uncomplexed PEO (Tm^~ 
339 K) and crystalline complexed material (Tm ~ 239 K) . 
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Fig. 4.17 Variation of number of mobile charge carriers (a) 

cations (n^) and (b) anions (n') with l/cT for PEO:NH^ClO^ (80:20 




constant c playing an important role. In brief, the sharp increas 
in the ionic conductivity cr around in the sample PEOrNH^ClO^ i 
more related to the increase in the number of charge carrier 
rather then the increase in the free volume around T^. 

4.4 Conclusions 


On the basis of positron lifetime, ionic transport and other 
studies described above, the following important conclusions can 
be drawn : 

(i) The total free volume in PE0:NH^C10^ increases with 
temperature, and the rate of increase changes its slope at T^. The 
rate of increase in the free volume was higher around T^. 

(ii) The increase in total free volume is determined mainly by the 
enhancement in the hole-size rather than the increase in number of 
holes although chemical factors may be responsible for the low 
yield of o-Ps intensity and, therefore, may not corresponds to the 
actual free-volume hole density. 

(iii) The pattern of increase in free volume with temperature is 
not reflected in the variation of ul with temperature as one should 
expect from the free volume theory. In particular, there is very 
little change in the value of mobility at T^ where free volume 
shows an increase. 

(iv) The plot of conductivity cr versus l/T shows a change of slope 

at T . 
ra 

(v) The increase in conductivity at T^ is influenced more by the 
increase in the number of charge carriers (and not so much by the 
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mobility) . This behaviour may be explained on the basis of a 
simple dissociation model in which the dielectric constant of the 
polymer electrolyte plays a role. The value of the dissociation 
energy has been deteirmined using this model. 
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CHAPTER 5 


POSITRON ANNIHILATION LIFETIME STUDIES OF FREE VOLUME IN A 

POLYMER ELECTROLYTE PEO COMPLEXED WITH NH^I 

4 


5.1 Introduction 


In the previous chapter we have already observed that the 

temperature dependence of ionic conductivity in PEOrNH^ClO^ is 

influenced more by the dissociation of salts rather than changes 

in the free volume. Positron lifetime studies played a key role in 

these investigations because they offered a direct measurement of 

free volume changes. This interesting observation led us to 

perform similar studies on another polymer electrolyte 

polyethylene oxide (PEO) complexed with another salt, viz. 

ammonium iodide (NH^I) , using positron lifetime technique. The 

polymer electrolyte PEO complexed with NH^I (PEO:NH^I) is another 

recently developed solvent -free polymer- salt complex [1] with high 

ionic conductivity (cr= 10 S cm”^) over the concentration range 

NH'^’/EO ~ 0.016 - 0.130 and this was found to be greatly enhanced 

4 

(by a factor of about 10 ) over the undoped PEO. The study of 
proton transport properties and characterization of various 
physical properties of this system was carried out by Maurya et 
al. [1] using experimental techniques such as X-ray diffraction, 
differential thermal analysis, infrared spectroscopy, complex 
impedance analysis for conductivity, or ys l/T, transference 
number, mobility, etc. The charge transport in this polymer 
electrolyte was found to be predominantly protonic (or H"'') along 



with I~ movement in the bulk. Further the temperature dependence 
of the electrical conductivity (cr 1/T plots) of the PEO:NH^I, 
complex for the above-mentioned concentration range showed mainly 
two types of behaviour [1] . For lower concentration (NH^/EO ^ 
0.076) the <T ys l/T plots follows the Arrhenius behaviour with 
two different activanion energies one above and another below the 
melting point of crystalline PEO (T^ = 3 28 K) . For higher 
concentrations (NH^/EO « 0.130) cr ys l/T follows the VTF pattern 
(eq. 3.5). 

It has been observed that the variation in the ionic 
conductivity measured as a function of temperature usually depends 
on the experimental conditions, such as the presence of residual 
water [3] , heating and cooling rates [4] , and the thermal history 
of the electrolytes [5,6] etc. These conditions are in addition to 
the various other factors mentioned in the previous chapter (Sec 
4.1) that govern the mechanism of ion-conduction in these polymer 
electrolytes . Lack of control over any of these parameters has 
resulted in contradictory and confusing data in the literature, 
which do not represent the intrinsic ionic conductivity properties 
of some polymer electrolyte system. In addition, the relative 
proportion of cationic and anionic mobilities must be properly 
characterized before an assumption about the ionic transport 
process can be made . 

Although the results of our studies for the polymer 
electrolyte PEOiNH^ClO^ in the previous chapter indicated that the 
enhancement in the ionic conductivity with temperature is 
associated with the dissociation of the salt and not so much with 
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the observed free- volume changes, a thorough investigation in this 
direction for a wide range of compositions and in a variety of 
samples is needed before a more conclusive statement can be 
drawn . 

The set of measurements involving methods like temperature 
dependence of conductivity, ionic mobility, dielectric constant, 
number charge carriers etc. and similar to the ones described in 
the previous chapter (for PE0:NH^C10^) to investigate the 
mechanism of ionic conductivity could not be performed with the 
present sample PEO:NH^I due to some technical difficulties. 
However we have measured the temperature dependence of positron 
lifetime spectra in the sample PEO:NH^I for the composition 
(NH^/EO » 0.076) in the temperature range 298-353 K following both 
the heating and the cooling cycle. The measured lifetime spectra 
were analyzed in terms of finite lifetimes as well as continuous 
lifetime distributions using the computer programs PATFIT and 
CONTIN respectively to obtain the temperature dependence of 
positron lifetime parameters and their distribution functions. Our 
positron lifetime analysis showed interesting results and these 
will be presented in the following sections. 

5.2 Experimental 

A sample of polyethylene oxide (PEO) complexed with ammonium 
iodide (NH^I) under study was prepared in the laboratory of the 
Department of Physics, Banaras Hindu University, Varanasi, India 
[1] and various other characterizations and ion-transport studies 
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using the techniques of optical microscopy. X-ray diffraction, IR 
spectra, differential thermal analysis, temperature dependence of 
ionic conductivity by impedance spectroscopy etc. were also 
carried out in their laboratory and have been reported elsewhere 
[1] . A brief outline of the sample preparation is given below. 

The sample PEO:NH^I was prepared '*by solution-cast technique 
previously described in Sec. 3.2.4. The desired amount of PEG 
(obtained from Aldrich, U.S.A.) with MW ~ 6 x 10^ and NH^I was 
dissolved in dehydrated methanol and stirred thoroughly at 313 K. 
The resulting solution of polymer-salt was poured into 
polypropylene dishes for casting the films by slow evaporation. 
Finally, the films were dried rigorously in a high vacuum to 
eliminate all traces of the solvent. Good thick films (~ VOO/irn) of 
the polymer salt complex PEO.-NH^I (NH^/EO » 0.076) were obtained 
after several trials. 

The DTA spectrum for this sample was recorded by us using a 
computer controlled (Shimadzu DTA-50) differential thermal 
analyzer in the temperature range 300-373 K for a heating rate of 
2 K/min. 

Positron lifetime measurements were performed at 298 K using 

a conventional fast -fast coincidence spectrometer that has already 

22 

been described in Chapter 2 . A 15/iCi Na positron source 
deposited on 2 . 5fim thick Ni-foil was used. Polymer electrolyte 
films (NH^/EO « 0.076) were stacked to prepare specimens of about 
1.5mm thickness. The source of positrons was sandwiched between 
two such identical specimens of the sample. The time resolution of 
our lifetime apparatus was found to be 0.32 ns (FWHM) as measured 
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by the prompt spectrum from Co source. For measuring the 
temperature dependence of the positron lifetime spectra for the 
present sample, the arrangement identical to that described in the 
previous chapter was used (Fig. 4.4) . The spectra were taken in 
the temperature range 2 98 - 353 K in steps of about 5 K. The 
measurements were carried out both during the heating and the 
cooling cycle to look for any effect of hysteresis. A total of 

g 

about 5 X 10 counts were recorded under each lifetime spectrum. 

As done in the previous case of PEO+NH^ClO^, the measured lifetime 

spectra were then analyzed in two different ways using the 

computer programs PATFIT and CONTIN. Our PATFIT analysis showed 
2 

that best x ( < 1-1) and most acceptable standard deviations were 

obtained when each spectrum was fitted in terms of three lifetime 

components. In the present analysis using the CONTIN program, we 

have used the reference spectrum arising from well -annealed and 

high-purity (99.99+ %) nickel with an annihilation rate k = 9.1 

ns”^. This reference spectrum was taken immediately before and 

after each measurement at a particular temperature was performed. 

-1 -1 

A total of 8 5 grid points over the range 0.25 ns < A. < 13 ns 
were used to obtain the lifetime distributions. 

5.3. Results and discussions 


As mentioned earlier, the sample PEOrNH^I has already been 
characterized and studied in detail by Maurya et al. [1] for 
different percentage compositions of NH^I. A tentative phase 
diagram based on the DTA studies was also proposed for these 



IS 


ssrnplss [7] Hud. it showsd tliHt npnirt furom tlis pjrssHiics of 

(PEO) .. . and (PEO) , phases, a phase related to the 

^ ^crystalline 'amorphous ^ 

(PEO) ■ T also exists in the sample at room 

crystalline complex 

temperature. Our DTA spectrum (Fig. 5.1) for the present sample 

(NH^/EO ~ 0.076) showed an endothermic peak at = 329 K. This 

value of T shows an excellent agreement with the value = 328 K 

m rn 

and it matches well with the one observed by Maurya et al . [1] in 

their DTA studies for the same composition. This endothermic peak 
at 329 K has been ascribed to the phase transition resulting from 
melting of the pure crystalline PEO [1,7] . 

5.3.1 Analysis of lifetime spectra using PATFIT program 

We shall first discuss the results of our analysis for the 
measured positron lifetime spectra in terms of finite lifetime 

components obtained by using the PATFIT program. The positron 
lifetime spectra measured in the temperature range 298 -353 K for 
the sample PEO complexed with NH^I ( NH^/EO ~ 0.076) showed the 
presence of three lifetime components whose values are in the 

range: x^= 0.10-0.14 ns, x^= 0.35 - 0.37 ns and x^= 1.3 - 2.2 ns. 
As discussed earlier in Chapter 1, these three lifetimes 
correspond to three states of positron and Ps in the sample [8] . 
The shortest lifetime 0.10 - 0.14ns can be attributed to the 

annihilation of singlet Ps (or p-Ps) while the intermediate 
lifetime x = 0.35 - 0.37 ns arises from the free ( or unbound) 

annihilation of positrons. The longest or the third lifetime = 

1.3 - 2.2 ns is due to triplet Ps (o-Ps) annihilation. The 
relative intensities corresponding to the three lifetimes r^, x^ 
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Fig. 5.1 DTA curve for the sample polyethylene oxide 

complexed with ammonium iodide NH I (PEO:NH I with NH^/EO « 
0.07S) . 
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and are given by and respectively such that 1 ^+ 12+13 

= 100 %. The lifetime values and their intensities are given in 
Table 5.1. 

As mentioned earlier in Chapter 1, the interaction between Ps 
and matter in polymers has been described in terms of free -volume 
theory [9,10] i.e. the rate of positron or Ps annihilation in the 
absence of any chemical reaction or spin conversion between Ps and 
matter, is a function of the effective free-volume in such 
materials. Annihilation rate of o-Ps trapped in the free-volume 
regions in polymers has been related to the size of the free 
volume sites. 

As discussed in Sec 4.3.1, the total free volume available in 
a polymer is determined by the hole volume, as well as the density 
(number of free-volume sites) of the holes although the separate 
dependence of these two factors is not properly understood. 
Regarding the o-Ps intensity or the - values in polymers, Ito 
et al . [12,13] have argued that they are determined by both the 

chemical factor (e.g. electron affinity) and the physical factor 
(e.g. hole-size distribution) . Recently Jean [11] has reviewed our 
present understanding of the applications of positron annihilation 
spectroscopy to the study of hole size, content, distribution and 
anisotropic structure in polymers and has posed several questions 
that need to be answered before a more comprehensive understanding 
is reached. 

The semicrystalline polymers like polyarylether-ether- ketone 
(PEEK) or PEO and PEO-based polymer-salt complexes are partly 
crystalline and partly amorphous at room temperature [14,15] . For 



TABLE 5.1 


Temperature dependence of positron lifetime parameters in polymer electrolyte 
■PEO:NH 4 l (NH|"/EO ^ 0.076) obtained from PATFIT analysis. 


Temp. 

(K) 

n 

(ns) 

n 

(ns) 

rz 

(ns) 

h 

(%) 

^2 

(%) 

h 

(%) 

(A) 

298'* 

298^ 

0.136±.006 

0.108±.008 

0.360±.003 

0.362±.002 

1.682i.014 

1.339±.020 

23.50±1.15 

21.74±0.71 

68.58±1.08 

71.99±0.61 

7.92±.12 

6.27±.20 

2.54±.01 

2.15±.01 

! 

308“ 

306^ 

0.118±.004 

0.105±.008 

0.359±.002 

0.359±.002 

1.787±.016 

1.329±.012 

22.08±0.63 

21.22±0.69 

69.99±0.57 

72.32±0.58 

7.94±.ll 

5.46±.18 

i 

2.65±.01 1 
2.14±.01 

1 

313“ 

310'’ 

0.128±.006 

0.118±.005 

0.357±.003 

0.359±.002 

1.838±.017 

1.375±.007 

21.52±1.15 

21.66±0.35 

70.00±1.09 

71.65±0.29 

8.48±.12 

5.69±.13 

2.70±.01 

2.19±.01 

318“ 

316'’ 

0.109±.005 

0.106±.004 

0.355±.003 

0.362±.002 

1.942±.016 

1.447±.021 

22.11±0.76 

20.81±0.30 

68.93±0.70 

72.87±0.26 

8.96±.10 

5.32±.14 

2.80±.01 i 
2.28±.01 : 

323“ 

321^ 

0.131±.005 

0.118±.006 

0.363±.003 

0.361±.003 

1.984±.016 

1.463±.028 

23.82±1.07 

21.26±0.77 

'67.31±1.01 

72.30±0.94 

8.87±.10 

5.44±.17 

2.84±.01 

2.30±.01 

328“ 

326'’ 

0.116±.004 

0.117±.007 

0.358±.003 

0.356±.002 

2.003±.016 

1.474±.022 

22.16±0.82 

21.36±0.37 

69.03±0.77 

72.99±0.33 

8.81±.10 

5.65±.16 

2.86±.01 1 
2.31±.01 i 

333“ 

331^ 

0.109±.005 

0.109±.006 

0.351±.002 

0.361±.001 

2.092i.015 

1.647±.020 

20.50±0.68 

20.93±0.34 

69.92±0.64 

73.16±0.30 

9.59±.09 

5.90±.09 

2.94+.01 

2.51±.01 

338“ 

335 '’ 

0.109±.005 

0.109±.007 

0.351±.003 

0.363±.002 

2.069±.014 

1.672±.022 

21.06±0.73 

21.25±0.46 

69.21±0.69 

72.64±0.41 

9.73±.09 

6.11±.ll 

2.92±.01 ■ 

2.53±.02 : 

1 

1 

243“ 

341'’ 

0.123±.006 

0.120±.008 

0.360±.003 

0.363±.002 

2.021±.017 

1.677±.020 

22.25±1.04 

21.65±0.58 

68.36±0.98 

71.52±0.51 

9.39dr.ll 

6.84±.ll 

2.87±.01 I 
2.54±.01 I 

348“ 

346'’ 

0.117±.005 

0.125±.009 

0.358±.003 

0.367±.003 

1.996±.015 

1.838±.018 

21.03±0.81 

21.85db0.88 

69.87±0.76 

69.95±0.82 

9.09±.10 

8.18±.ll 

2.85±.01 

2.70±.01 

353“ 

0.116±.005 

0.359±.003 

1.897±.016 

21.72db0.86 

69.76±0.77 

8.51±.10 

2.76±.01 


“ During heating cycle 
^ During cooling cycle 

R axe the free-volume hole radii obtained by using T 3 and eq. (1.1'7). 



I and I are shown in Fig. 5.2. The temperature dependence of 
and Birs shown separately in Figs. 5.3 and 5.4 respectively. 

Since the values of and are more related to the free-volume 
properties in polymers, our discussion will be confined to the 
variations of x^ and and we shall skip the temperature 

dependence of positron lifetimes x^, x^ and their intensities from 
the subsequent discussion. Moreover the values of and do 

not show any significant variation with temperature whereas the 
observed variations in during the heating and the cooling cycle 
is related to the variations in the values of due to the 

constraint = 100%. 

Once again, assuming that the o-Ps trapped in the free volume 
regions in the polymers resides in a spherical well of radius R , 

O 

we make use of the semiempirical relationship (eq. 1.17) to 
determine the free volume hole radius R from the values of x^ and 
the values of R determined in this way are also tabulated in Table 
5.1. The values of R calculated from x^ are used to obtain the 
hole volume V^=47 tR /3, and the variation in the value of (see 

right axis) is also shown in Fig. 5.3. 

Our results (Fig 5.3 and 5.4 and Table 5.1) show that the 
nature of variation of x^ and with temperature is rather 

complicated. It may be pointed out that the present positron 
lifetime measurements involved measurements (each run lasting for 
few hours) at several temperatures starting from room temperature 
(T=298 K) and then increasing the temperature in steps of about 5K 
upto the highest temperature (T=353K) and thereafter returning to 
the room temperature. In view of this the heating and cooling was 




Fig. 5.2 Temperature variation of positron lifetime 
P^^^'^^ters "^ 2 ,/ "^ 2 ' ^2 PEOrNH^I (NH^/EO ~ 0.076) . Open 
symbols describe the data for increasing temperature, while solid 
symbols describe the data for decreasing temperature. 
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i’ig. 5.3 Temperature dependence of o-Ps lifetime, in 

^EO-.NH^I (NH^/EO ~ 0.076). Positions indicated by the arrow 

:orresponds to the melting temperature of uncomplexed PEO (T^ ~ 
i29 K) [Ref. 7] . Open symbols describe the data for increasing 
.emperature, while solid symbols describe the data for decreasing 
.emperature . 
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not rapid in our experiment. It is interesting to note that the 
temperature variation of and during the heating and the 

cooling cycle do not follow the same course, thus suggesting that 
the o-Ps formation probability and the annihilation rate depends 
not only on the temperature but also on the thermal cycle used for 
this sample. 

The present sample has substantial amount of crystallinity (~ 
37^) at room temperature [7] in the form of pure crystalline and 
crystalline complex phases of PEO. This presence of crystalline 
phases in the material will also determine the observed values of 
o-Ps intensity as mentioned earlier. However, one can see from 
Table 5.1 that our o-Ps yield (I^ values) at room temperature is 
rather low for the present sample and hence we suggest that both 
chemical as well as physical factors are responsible for such low 
yield of . Moreover our sample contains NH^I in the form of 
complexes both in the amorphous and crystalline phases. Some of 
this NH^I present in the amorphous phase may be dissociated 
thereby releasing iodine which can diffuse into the amorphous 
region of the polymer [19,20] and some of them may even be trapced 
in the free-volume holes themselves. Maurya et al . [1] have in 

fact found that a part of the ionic conductivity arises out from 
the I movements in the bulk. 

It has already been established that in the case of polymers 
containing Cl, Br, I, CN, SCN etc, the electrons are scavenged to 
form the X - ions [20,21] . In such a case, Ps formation is either 
not possible or its formation is inhibited by the presence of 
electron scavenger (in the present case, I ) resulting in low 
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yield of o-Ps formation and decay. The above process may be 
responsible for a low value of (7-8% in the present case, but 

10-12% in the case of PEO:NH^ClO^) in the present case due to the 
presence of iodine in the form of NH^I salt. Similar effect 
involving chlorine is less likely in the case of PEOrNH^ClO^ 
(Chapter 4) because chlorine exists in the sample as a part of 
cio;. 

We shall first discuss the results for the heating cycle. As 
the temperature is raised above the . room temperature (Fig. 5.3), 
the value of started to increase upto T = 328 K. Around T=328 

K, the shows a small jump as the temperature is further raised 

to T=333 K. As already mentioned above, the endothermic peak 

around T = 329 K ( = T^) observed in the DTA curve (Fig. 5.1) , 

arises due to the melting of the pure crystalline PEO in our 

sample PEO+NH^I (NH^/EO « 0.076). Therefore, the increase in the 
value of ( and in the corresponding hole volume in Fig. 5. 3) 

followed by the jump in x^ at T=328 K is attributed to the phase 
change occurring around T~328 K. Compared to the earlier case of 
PEOiNH^ClO^, the relative change in the value of x^ over the same 
temperature range was found to be smaller for the present sample . 

Our results for the o-Ps intensity vs temperature 

(Fig. 5. 4) show a behaviour which is quite different from the one 
observed in the case of PE0:NH^C10^ (Chapter 4) where the 
values remained relatively constant over the entire temperature 
range. In the present sample (PEO:NH^I) , increasing the 
temperature above the room temperature of 2 98 K led to an increase 
in the values of with a similar jump as that of x^ around 328 
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K. This increase in the value of may be explained in terms of 
decrease in the degree of crystallinity of the sample. On 
increasing the temperature, the crystalline PEO progressively 
melts into an elastomeric phase, resulting in an increase in the 
amount of amorphous phase and therefore an increase in the amount 
of free volume available in the sample. In other words we propose 
that the changes in in the range 298-328 K are caused by the 
structural (or physical) effects. 

However with further increase (T > T^) in the temperature, we 
find (Figs. 5. 3 and 5.4) that both and started to decrease 

from about 33 5 to 353 K. This decrease in x^ and may have 
resulted from two simultaneous but [12,13] different effects. In 
the first effect the changes observed in x^ and I^ may be due to 
the physical or morphological changes in the sample i.e. decrease 
in the amount of amorphous content in the material thereby 
reducing the amount of free volume in the sample. As observed by 
other workers [6,17,18], the degree of crystallinity of such 
complexes is determined by the thermal history of the samples. 
Hashmi [18] compared the degree of crystallinity of the 
as-prepared sample (of PEO + NH^I with NH^/EO = 0.059) with sample 
which was annealed and cooled slowly and with sample which was 
annealed and quenched and found that the the degree ' of 
crystallinity of these three samples was 31%, 35% and 64% 

respectively. These results indicate that the degree of 
crystallinity of PEO+NH^I should increase with thermal treatment 
and should thus lead to a reduction in free volume. In our case, a 
measurement of positron lifetime spectra involved several hours of 
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data acquisition at a particular temperature, which is equivalent 
to thermal annealing of the sample at that temperature. This may 
have resulted in an increased degree of crystallinity of the 
sample with an accompanying decrease in the free volume content in 
the sample. 

The second effect could be chemical in nature and might cause 
the decrease in and beyond 335 K. With increasing 

temperature, we believe that the amount of dissociation of NH^I 
present in the complex may have increased resulting in the release 
of more iodine and I ions in the amorphous phase. Since iodine is 
known to be a good o-Ps quencher [20,21], an increase in the 
iodine content with temperature in the amorphous phase may bring 
about a progressive reduction in the values of and - 

Moreover, some of the released iodine may have occupied the 
free -volume holes thereby reducing the values of and 

further. However this second effect discussed above depends on the 
amount of dissociation of salt present as complexes with PEO 

and this dissociation process is not completely understood yet . 
Therefore the observed variation in the o-Ps lifetime parameters 
in the range 335 < T < 353 K may be due to any one or both of the 
effects (i.e. structural and chemical) discussed above. 

During the cooling cycle, and started to decrease 

rather sharply with decreasing temperature upto T=325 K. The rate 
of decrease in the value of x^ became slower when the temperature 
dropped below T = 325 K but did not regain the original value at 
298 K. However at the end of the cooling cycle i.e. below 310 K, 
the values started to regain some (but not all) of its previous 
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value at room temperature. This complex behaviour of and 

during the cooling cycle can be attributed to the 

recrystallization of the elastomeric phase upon cooling from above 

T to below T thereby reducing the amount of amorphous content in 
m ^ 

the sample which may vary with difference in the thermal treatment 
of the sample. The observation that did not regain its value at 
298 K at the end of the cooling cycle indicates that the 

free-volume hole radius has shrunk from 2.56 A to 2.17 A after the 
heat treatment (Table 5. Ij. However the observation that regained 
some of its initial value at room temperature could mean that the 
degree of amorphicity (or crystallinity) may have been regained to 
certain extent. However, other possibilities cannot be ruled out. 
The above explanation will, however, hold good if the chemical 
factors do not change during the process of heating and cooling of 
the sample. The presence of iodine in the sample may also dictate 
the nature of the temperature variation of and and a more 

detailed and systematic (e.g. compositional dependence) study in 
this direction using positron annihilation and other 
characterization techniques is needed. 

Another useful quantity related to the free volume in 
polymers is the total free-volume fraction (eqn. 4.2) and it 

can be determined from the knowledge of and However an 

argument similar to the one given in the previous chapter does not 
hold in this case because in addition to the small values of r 
the itself changes in the present case with temperature. 

Moreover the chemical factors arising from possible release of 
free iodine or l” ions in the amorphous phase may have changed 



2 ( 


during the entire heating and the cooling cycle. Therefore the 
validity of the relation = AI^V^ is questionable in the present 
case. Nevertheless , we have calculated the values of '^2^f 
plotted them against temperature in Fig. 5.5, purely with the 
purpose of bringing out the relative amount of change in this 
quantity before and after the thermal cycle. It is observed that 
the plot (Fig. 5.5) changes its behaviour at = 32 8 K both 

during the heating and the cooling cycle. Further the values of 

at the beginning of the heating cycle, is not regained at the 
end of the cooling cycle. 

It may be pointed out that the present measurements involved 
only one cycle of heating and cooling and involving only one 

sample. It is realized that several cycles and perhaps more than 
one sample with different percentage composition of NH^I should 
have been studied to check the reproducibility of such effects of 
thermal history. However we were unable to study several cycles 
because of some technical problems in our laboratory. We suggest 
that any future experiments on PEO:NH^I sould include such 
measurements . 

5.3.2. Analysis of lifetime spectra using CONTIN program 

The present results for the positron lifetime spectra 

measured at different temperatures were analyzed using the 

computer program CONTIN to obtain the positron lifetime 

probability distribution functions (PDF) a{X) .X . In Fig. 5.6 (a) 

and (b) we have presented the results of such analysis i.e. the 
distribution function oc(X) against the positron lifetime at 
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Fig. 5.5 Temperature dependence of PE0:NH^I (NH^/EO 
« 0.076) . Positions indicated by the arrow corresponds to the 
melting temperature of uncomplexed PEO (Tm ~ 328 K) . Open symbols 
describe the data for increasing_ temperature, while solid symbols 
describe the data for decreasing temperature. 
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some representative temperatures during the heating and the 

cooling cycle respectively. Each such lifetime distribution 

function showed presence of three distinct and well -resolved 

peaks. The mean positron lifetimes and intensities (z . and I., i = 

11 

1-3) obtained from CONTIN analysis have been obtained with the 
help of the eqs . (4.3) and (4.4) described in the previous 

chapter. The values of and (i=l,2,3) are listed in 

Table 5.2. 

One can see that there is a fair amount of agreement between 
the peak positions of the three peaks (corresponding to z^, z^ 
and T^) resolved by the CONTIN program (Table 5.2) and the values 
of z^ and z^ obtained by the PATFIT program (Table 5.1). 

However there are some minor discrepancies in the values of the 
intensities for the smaller two lifetimes (x^ and Z 2 ) and these 
are due to the difference in the deconvolution procedure used in 
the above two analysis to extract the lifetimes from the measured 
spectra which is always convoluted with the resolution function o’f 
the spectrometer. The expanded profiles of the extreme right peaks 
(corresponding to t^) in Figs 5.6 (a) and (b) are shown in Figs. 
5.7 (a) and (b) during the heating and the cooling cycle 

respectively. It is observed that the peak position, width (FWHM) , 
and asymmetry of each peak profile is different at different 
temperatures for heating and the cooling cycles. 

At this point, we may like to indicate once again that 

although we have made attempts to maintain good counting 

statistics and instrumental stability during the time of lifetime 
measurements, the observed results for the lifetime and other 



TABLE 5.2 


Temperature dependence of mean positron lifetime parameters in polymer electrolyte 
PE0;NH4l (NH^/EO « 0.076) obtained from CONTIN analysis. 


Temp. 

(K) 

ri 

(ns) 

^^2 

(ns) 

T3 

(ns) 

h 

(%) 

I 2 

(%) 

J.3 

(%) 

(-A) 

298 ± 2 “ 

0.14 

0.41 

1.65 

31.3 

61.8 

7.0 

2.51 

298 ± 2 '’ 

0.11 

0.40 

1.37 

28.6 

65.1 

6.3 

2.18 

308 ± 2 “ 

0.14 

0.40 

1.82 

31.0 

62.0 

7.0 

2.68 

306 ± 2 ^ 

0.12 

0.41 

1.35 

27.7 

66.3 

6.0 

2.17 

313 ± 1 “ 

0.13 

0.42 

1.92 

31.4 

61.4 

7.2 

2.78 

310 ± 1 ^ 

0.14 

0.39 

1.30 

27.0 

67.3 

5.7 

2.11 

318 ± 1 “ 

0.13 

0.42 

2.01 

30.5 

61.5 

8.0 

2.86 

316 ± 1 *’ 

0.12 

0.40 

1.41 

26.9 

67.4 

5.7 

2.24 

323 ±r 

0.14 

0.39 

2.06 

30.7 

61.5 ’ 

7.8 

2.91 

321 ± 1 '’ 

0.13 

0.43 

1.44 

27.0 

68.4 

5.0 

2.28 

328 ± 1 “ 

0.12 

0.42 

2.07 

29.7 

62.2 

8.1 

2.92 

326 ± 1 ^ 

0.14 

0.40 

1.50 

27.0 

67.8 

5.2 

2.34 

333 ± 1 “ 

0.11 

0.39 

2.11 

28.8 

62.4 

8.8 

2.95 

331 ± 1 ^ 

0.11 

0.38 

1.75 

26.2 

68.5 

5.3 

2.62 

338 ± 1 “ 

0.12 

0.40 

2.11 

28.8 

62.3 

8.9 

2.96 

335 ± 1 *’ 

0.12 

0.41 

1.73 

26.6 

67.6 

5.8 

2.59 

343 ± 1 “ 

0.13 

0.42 

2.04 

28.9 

62.5 

8.6 

2.89 

341 ± 1 *’ 

0.14 

0.40 

1.70 

25.8 

67.4 

6.8 

2.56 

348 ± 1 “ 

0.10 

0.39 

1.85 

27.5 

64.1 

8.4 

2.86 

346 ± 1 ^ 

0.11 

0.41 

2.42 

25.9 

65.9 

8.2 

2.71 

353 ± 1 “ 

0.10 

0.43 

1.90 

28.0 

64.2 

7.8 

2.76 


“ dming heating cycle 
during cooling cycle 

R are the mean free-volume hole radii obtained by using and eq. (1.17). 





0— Ps Lifetime (ns 



Fig. 5.7 o-Ps lifetime distribution in PEOrNH^I ( (NH^/EO » 

D.076) at different temperatures for the (a) heating and (b) 
sooling cycle. The data were taken from right hand peaks in Fig. 
5.6 (a and b) . The continuous lines are drawn through the data 
points for visual guidance. 
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related distributions should be accepted to provide a qualitative 
rather than a quantitative picture and that they represent a 
certain trend. Moreover the moderate resolution of our instrument 
may have a finite effect on these distributions. 

From the observed o-Ps lifetime distributions, we have 
determined the free-volume hole-radius probability density 
function, f (R) , using eq. (4.5) . Once again we have not applied 
any correction factor for the Ps trapping [22,23]. The present 
results for f (R) are plotted against R for the heating and the 
cooling cycles in Figs. 5.8(a) and 5.8(b) respectively. The mean 
radius of the free volume hole in the interval R^ to R^ was 
determined by using the formula 


R = 


'■^2 

f(R)RdR / 
R, 




2 

f (R) dR 


(5.1) 


where the f (R) are the distribution functions discussed above. 
These values of the mean radii are also tabulated in Table 5.2. 
The behaviour -of f (R) as observed from these pious can be 
summarized as follows: 

(i) The f (R) functions are fairly symmetric and can be 
approximated by Gaussian-type functions having FWHM of about 
0.6-0. 8 A, 

(ii) The f(R) functions corresponding to the melting (T^=328 K) is 
the broadest, 

(iii) The effect of thermal history is reflected in the nature of 
distribution functions f (R) during the heating and the cooling 
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Using the above distribution functions for f (R) we have once 
again determined the probability density functions for the hole 
volume g(V) using eq. (4.6) . The results of hole volume 
distribution, g (V) , obtained in this way for the present sample 
corresponding to the hole radius distribution f (R) in Figs. 5.8(a) 
and (b) are shown in Figs. 5.9(a) and (b) . It is observed that the 
hole-volume distribution, g(V), are asymmetric with a skewing 
tendency towards larger volume. The effect of thermal history is 
once again reflected in the temperature variation of g(V) during 
the heating and the cooling cycle. 

The present results (Figs. 5.8 ((a) and (b) ) and Figs. 5.9 
( (a) and (b) ) for the distributions of hole radius and volume in 
the polymer electrolyte PEO:NH^I (NH^/EO ~ 0.076) obtained from 
the o-Ps lifetime distributions may provide useful information 
regarding the properties of free volume provided that the chemical 
factors like o-Ps quenching due to the presence of iodine are more 
completely unserstood for the present system do not interfere with 
these results. 

5.4 Conclusions 


The temperature dependence of the positron lifetime spectra 
in the sample of PEO complexed with NH^I (NH^/EO ~ 0.076) has been 
measured. The analysis of the present results qualitatively shows 
the temperature dependence of the free volume in PEOtNH^I (NH^/EO 
0.076) and indicates a hysteresis effect. It would be 




FREE -VOLUME (A^} 

Fig. 5.9 Free-volume hole volume distribution functions g(V) 
in PEO:NH^I (NH^/EO ~ 0.076) at different temperatures during the 
(a) heating and (b) cooling cycle. The continuous lines are drawn 
through the data points for visual guidance. 



23 


interesting to further investigate the effect of iodine and 
thermal hysteresis applying other characterization techniques to 
the present sample (PEO:NH^I). Another interesting problem would 
be to systematically examine the effect of iodine by studying the 
composition dependence of positron lifetime parameters on the 
composition ratio (PEO:NH^I) in this polymer salt -complex . Such 
studies involving positron annihilation lifetime studies are are 
planned for the future. 
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CHAPTER 6 


TEMPERATURE DEPENDENCE, PHYSICAL AGING AND MOISTURE ABSORPTION 
STUDIES IN CURED EPOXY AND POLYESTER RESIN POLYMERS USING POSITRON 

LIFETIME SPECTROSCOPY 


6.1 Introduction 


In the previous two chapters we have seen that positron 

lifetime spectroscopy can be a useful technique for studying 

polymer electrolytes and when combined with other characterization 

studies it can help us to understand the mechanism of 

ion-transport in the polymer electrolytes. The polymer 

electrolytes discussed so far belong to semicrystalline polymers 

and at room temperature the amorphous phase present in them lies 

above the glass transition temperature, T^, (T^ ~ 213 K) for the 

amorphous phase which make these polymer electrolytes flexible. 

There are polymers whose glass transition temperatures lies above 

the room temperature and their physical properties are similar to 

that of the glasses i.e. having glassy type structure and 

thermodynamically at non -equilibrium state. Consequently these 

polymers in most of the cases are hard and tough at room 

:emperature and this renders them suitable for applications 

requiring mechanical toughness . Such polymers are known as glassy 

)olymers or polymer glasses [1] . All linear polymers are glasses 

,t low temperatures and on increasing the temperature they change 

rom a glassy to a rubbery state above T . Some of the glassy 

y 

olymers include polyvinylaccetate, polysulphonate, polyvinyl 
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formals, polyvinyl carbozoles, polycarbonate and the cross-linked 
polyester and epoxy resins. In the present work, we have also 
carried out some positron lifetime measurements on two such glassy 
polymers, i.e. polymers of epoxy and polyester resins, to study 
the free -volume properties in these polymers as a function of 
temperature, effect of physical aging and moisture absorption and 
these results will be presented later in this Chapter. 

For the past several years there has been a growing interest 

in determining both equilibrium and non-equilibrium thermal 

properties of glassy polymers [2-4] . The thermal expansion of 

various polymers has been studied in the last several decades 

[5-9] , and the results have been interpreted within the framework 

of different models. Thermal expansion of a material is one of the 

simple structural changes that a material undergoes without any 

nechanical and chemical intervention. For glassy polymers, several 

lemperature dependent structural transitions can occur. Most 

lotable is the glass transition temperature ( see Chapter 3) at 

hich the polymer undergoes a dramatic transformation as the 

egrees of freedom of the molecular chains and the resulting 

obility change considerably. The glass transition process 

stermines some of the major physical properties of the polymers, 

id a number of reviews on this subject have appeared in the 

Lterature [10-13] . There are still some difficulties in 

iterpreting all the features of the glass transition phenomenon. 

)reover the knowledge of the glass transition temperature is also 

sential for application of glassy polymers in many fields 

cause above T , the mechanical properties of the polymer 

9 
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deteriorate and the polymer loses its toughness . Considerable 
interest has been focussed on the structure and property changes 
that occur below and at glass transition temperature (T ) and, 
therefore, understanding the nature of the glassy state and the 
glass transition has been one of the long-standing problems in 
materials science and physics. 

The properties of glassy polymers are known to be strongly 
influenced by the density of molecular packing or free volume. The 
concept of free volume has long been used to explain the glass 
transition phenomenon and the behaviour of glassy materials. In 
Chapter 3, we have already noted that the free volume in glassy 
polymer reaches a critical value at the glass transition 
temperature, and below T there is insufficient room for molecular 
maneuver and therefore in the glassy state the free volume will be 
frozen in and will thus remain constant. Above T , there is 

y 

usually a rapid increase in the free volume in the rubbery state 
till the temperature reaches the melting temperature of the solid. 

In this way the concept of free volume has been very useful 
in explaining the overall behaviour of glassy polymers. In some 

cases, along with the knowledge of overall free volume, the 

knowledge of the size distribution of free volume and its 

/ariation with time, temperature and pressure is also necessary. 
These ideas have already received theoretical consideration 

!l4-18] . Since amorphous polymers lack structural order, 
listribution of free volume may be the best way to characterize 
hem. Experimental investigations of fractional free volume and 
elated thermodynamic properties have been made by various 
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techniques [2-4,19] . Each technique has yielded certain 
information about the microstructural properties of free volume 
and the glassy state. In Chapter 1 we have already discussed the 
usefulness of positron annihilation spectroscopy (PAS) as a 

technique to determine the free-volume hole size and their 
distributions along with advantages that PAS offers over other 
techniques in determining the free-volume properties in polymers 
and polymeric materials. 

Several positron lifetime studies have, therefore, been 
performed to investigate the free-volume properties in a variety 
of polymers including the glassy polymers, and such experimental 
studies of polymers measuring the variation in the free volume 
with temperature [5-9,20], pressure [21,22], physical aging and 
structural relaxation [5,6,23-25], stress-induced structural 
deformation [26,27] etc. have been reported in the literature. 
Among them, most of the studies are performed on the epoxy and 
polycarbonate polymers, specifically as a function of temperature, 
pressure, aging time, mechanical- stresses etc. 

[6,7,9,20,21,23,24,27]. These studies provided us with some 
valuable information about the various phase transitions as well 
as the free-volume properties such as hole size, density and 
distributions and their dependence on temperature, pressure and 
time, and in some cases they have brought out a good comparison 
between thermal coefficient of free volume and the specific volume 
expansions. In this respect moisture and other solute absorption 
studies are relatively few [9,28] . Secondly, in some cases, the 
shemical factors involved during such absorption of solute can 
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complicate the interpretation of the results in terms of the 
free-volume properties [29] . 

One of the most important and serious problems in utilizing 

polymers as industrial materials is the degradation of their 

mechanical properties as a function of time. Such degradation can 

be caused by two possible processes. The first is the chemical 

degradation which involves chemical bond modification and/or 

rupture, and the other process is due to the physical change in 

the microstructure of the material with time. This second process 

arises because glassy polymers are thermodynamically at 

non-equilibrium state below T . This non -equilibrium nature of 

y 

amorphous solids/glassy polymers was first pointed out by Simon 
[30] and others [31] . Such materials are regarded as solidified 
supercooled liquids whose volume, enthalpy and entropy are greater 
than they would be in the equilibrium state. This non-equilibrium 
state is quite unstable and they undergo slow processes which 
attempt to establish equilibrium, indicating that even below T 

5 

molecular mobility is not quite zero. Volume -relaxation studies of 
glassy materials [32,33] have, in fact, confirmed this 
non-equilibrium process. 

This gradual approach to equilibrium affects many properties 
of the material [31-36] . These properties change with time, and 
the material is said to undergo 'aging' . To distinguish this type 
of aging from the chemical aging (thermal decomposition, photo- 
oxidation, etc.) it has been called as the 'physical aging'. 
During the course of physical aging the enthalpy and volume 
[34,37], and by implication the free volume, decrease, and so do 
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its creep and stress-relaxation rates, dielectric constant, 
dielectric loss etc. and the material becomes stiffer and more 
brittle resulting in embrittlement [38] and decrease in gas 
permeability [39] . 

In view of all this the aging which is a time -dependent 
phenomenon, is just as important as other parameters such as 
temperature, stress - level , humidity etc. Moreover, a knowledge of 
the aging behaviour of a material is indispensable for the 
prediction of its long-term behaviour. In all glassy materials 
proceeds in a very similar way, and is independent of the 
chemical composition of the material. In most of its aspects, 
aging can be explained from the free-volume concept [4] . This is 
because the mobility of particles in a closely packed system is 
predominantly determined by the degree of packing of the system or 
the amount of free volume available. In the next section we shall 
briefly discuss the phenomenon of physical aging from free-volume 
concept . 

6.1.1 Free volume and physical aging 

In Chapter 3 , we have already discussed the concept of free 
volume in amorphous polymers and solids. The phenomenon of 
physical aging originates to a large extent from the segmental 
mobility of the polymer chains and the free volume present in the 
material. Fig. 6.1 schematically shows how the free volume of an 
amorphous polymer decreases when it is cooled from a temperature 
T^ above T^ to a temperature T^ below its T^, and thereafter is 
kept at that temperature T^. By doing so, the volume will decrease 




Temperature 


Fig. 6.1 Origin of physical aging from free volume concept 

In the figure is the glass transition temperature and is any 

temperature below T . Downward arrow represents the isothermal 

9 

free-volume contraction. 



continuously under the isothermal condition, tending at an ever 
decreasing rate towards the equilibrium volume, represented by the 
broken line. This volume contraction is accompanied by a 
progressive decrease in the free volume [31,33], and the segmental 
mobility of short molecular chains [3 6,40] . In other words, the 
change in the temperature will disturb the entire equilibrium 
distribution function for free-volume holes, existing before 
cooling has started, and a change in free-volume, V^, is brought 
about by a redistribution of the free volume holes [14,41]. 
Moreover the relaxation processes found to be both non- exponential 
and non-linear in character and they are best represented by 
William-Watts relaxation type functions [42] . 

6.1.2 Effect of moisture on glassy polymers 

Moisture is constantly present in almost every operational 
environment of these materials. Although the effect of moisture 
absorption on glassy polymers has been studied in detail in the 
past, its effect on the free volume has benn only predicted 
and experimental studies are relatively few [9,12]. Moisture may 
be present in many forms and it can eventually penetrate all 
organic molecules by a diffusion-controlled process until a 
moisture equilibrium concentration is achieved. Application of 
heat can cause alterations in the microstructures of these 
materials that allow the water-holding capacity to increase. In 
general moisture causes a lowering of the mechanical properties of 
Dolymers . Once absorbed it is difficult to drive away all the 
moisture from the material. The moisture effectively plays the role 
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of a resin plasticizer which softens the polymer and thereby 
lowers the T . Recently, a great deal of attention has been 
focussed on the effect of moisture in epoxy resins because of 
their use in aerospace structural materials. In case of composites 
prepared by using polymers as matrix, moisture has a degrading 
effect in the mechanical .performance of the composites. 
Free -volume theory predicts that the moisture or water absorbed in 
the process can readily diffuse through the material and occupy 
the free-volume sites available in the polymer. It is also 
believed that more the free volume larger will be the 
water-holding capacity. 

Keeping some of these aspects in mind, we have performed 
positron lifetime studies on cured epoxy and polyester resin 
polymers with an aim of measuring not only the free volume 
available in these polymers but also to -(i) monitor the changes in 
them as a result of temperature variation, (ii) study the effect 
of time on free-volume relaxation and (iii) study the changes in 
the free volume as a result of the moisture absorption at 
different temperatures. Moreover the polymers studied by us are 
technologically important as matrix materials in the preparation 
of composites and laminates . Hence studying the • free volume and 
other physical properties are important to understand their 
mechanical behaviour. It may be pointed out that Jean et al . [20] 

have measured temperature dependence of positron lifetimes in 
epoxy samples earlier but the curing agent used by them was 
different. As for the polyester samples (to our knowledge) there 
are no positron lifetime results reported in the literature. 
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Details of the preparation, structure and the chemical and 
physical properties of various kinds of epoxy polymers are 
available in the literature [43-45] • Depending upon the choice of 
curing agent, resins can be made to cure, or harden, either slowly 
(several hours) or very quickly (less than a minute) at room 
temperature or at elevated temperatures. Epoxy resins with 
different chemical structures can be formulated to yield a variety 
of properties ranging from soft, flexible materials to hard, 
tough, chemically resistant products. 

Epoxy resins possibly have the widest range of applications 
compared to other resins of similar types. Epoxy resins are used 
for potting and encapsulations (e.g. encapsulating welded modules, 
transformers, motors and IC's) to provide environmental protection 
against alkali, acid and humidity. Epoxy resins are also used to 
join many dissimilar materials because they provide the highest 
adhesive strength of any known polymeric material and can adhere 
to a wide variety of substrates . Epoxy resins are also used in 
tooling industries and to make moulded compounds with fillers and 
reinforcing agents. One of the most important use of epoxy resins 
is as a matrix material for manufacturing laminates and composites 
with various reinforcements such as glass, carbon, kevlar47 etc. 
for structural parts in aircrafts, missiles and rockets, 
spacecrafts, and other industrial products such as ' used for 
printed circuit boards in electrical industries. In addition, 
composite storage tanks and pipes are used extensively in the 
chemical and petroleum industries. In general, epoxies are more 
expensive than other resins, but their superior performance makes 
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them more economical in the long run. 

Polyester resins [47-49] have also attracted considerable 
attention because of the ease in their handling and fabrication 
and because of their superior mechanical properties. Unsaturated 
polyester resins are very versatile materials. At room 
temperature, the liquid resins are stable for months and even 
years, but can be triggered to cure in a few minutes simply by 
adding a peroxide catalyst which provides free radicals to start 
the chain reaction. Curing takes place by addition reaction that 
involves the conversion of double bonds into single bonds. Most 
peroxide catalysts decompose rather slowly when added to polyester 
resin. To get faster cure, accelerators (promoters) are used to 
speed up the reaction during curing. Styrene is by far the most 
commonly used diluents and it combines with the reactive double 
bonds of the polyester chains, linking them together to form a 
strong three-dimensional polymer network. The curing reaction is 
usually exothermic. Polyester resins are used in the manufacturing 
of a broad range of products, including boats, building panels, 
structural parts for automobile, aircraft and appliances like 
fishing rods and golf clubs etc. 

6. 2 Experimental 


Both types of samples i.e. cured epoxy and unsaturated 
polyester resin polymers were prepared in our laboratory at Indian 
Institute of Technology Kanpur by cross-linking the liquid resins 
using appropriate curing agents . 
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Epoxy resin used in the present work to prepare the samples 
was diglycidyl ether of bisphenol A (DGEBA) commercially available 
as LY556 (Ciba-Geigy, India) . The basic chemical structure of 
DGEBA is shown in Fig. 6.2 (a) . The resin has got the following 

properties 

1 . Viscosity at 298 K _ 9000 to 12000 MPa 

2 . Epoxy content 1.2 - 5.2 eq./Kg 

3. Density at298K 1.1 to 1.2 gm/cm^ 

4 . Flash point > 473 k 

The epoxy resin was cured by 10 % (by weight) of the liquid 
aliphatic amine hardener (triethylene tetramine (TETA) ) 
commercially available as HY951 (Ciba-Geigy, India) . The chemical 
structure of the curing agent is also shown in Fig. 6.2(b). Curing 
of the epoxy resin involved an epoxide-amine addition 
polymerization. Desired amount of epoxy resin and hardener in the 
ratio 10:1 by wt . % were mixed and the resulting homogeneous 
mixture was poured in a cell covered with mylar sheets to cast 
laminates of epoxy polymers. The cell was then put in between two 
stainless-steel plates with spacers. Curing was performed at room 
temperature for 24 hours. Cured solid cross-linked epoxy was then 
cut into several pieces of 1 cm x 1 cm ( each having thickness of 2 
mm) using diamond cutter for further studies. 

Polyester samples were prepared by curing unsaturated 
styrenated alkyds using 1 % by weight of methyl ethyl ketone 
peroxide (MEKP) as catalyst and 0.5 % by weight of cobalt octate 
as an active accelerator. The general chemical structure of 
insaturated polyester resin is shown in Fig. 6.2(c). The resin 
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Fig. 6.2 Chemical structure of resins and hardener used for 
sample preparation (a) Diglycidyl ether of Bisphenol A (DGEBA) . 
(b) Triethylene tetramine and (c) Unsaturated polyester resin. 
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with catalyst and accelerator were mixed into a homogeneous 
mixture and than poured in a cell similar to the one used for 
preparing epoxy samples described above. Curing was performed at 
an elevated temperature of 343 K. For this purpose, the stainless 
steel plates were fitted with heaters whose temperature could be 
controlled by a temperature controller. Curing was done for 12h 
followed by post curing at 393 K for 4h and then at a temperature 
of 413 K for 2h respectively. Curing in this case was initiated by 
free-radical mechanism in the presence of the catalyst MEKP 
resulting in chain polymerization. Resulting sample is an 
extensive cross-linked solid. Cured polyester laminate of 
thickness 2mm was cut into several pieces of 1cm x icm using 
diamond cutter for further measurements. 

DTA spectra were taken for both types of samples to observe 
the various transitions and determine their transition 
temperatures using a computer- controlled (Shimadzu DTA-50) 
differential thermal analyzer in the temperature range 300-473 K 
for a heating rate of 10 K/min. However our polyester sample 
failed to give any noticeable peak or dip over the entire 
temperature range of 3 00 to 4 73 K, which can be related to any 
transition even after repeated trials. DTA spectrum observed for 

the epoxy sample is shown in Fig- 6.3. 

The positron lifetime measurements were performed at 298 K by 
using a conventional fast-fast coincidence spectrometer and a 15 
4 Ci ^^Na as positron source. The source of positrons was 
sandwiched between two identical specimens of the sample. The time 
resolution of our lifetime apparatus was found to be 0.32 ns 
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(FWHM) as measured by the prompt spectrum from Co source. For 
measuring the temperature dependence of the positron lifetime 
spectra for the present set of samples, the arrangements same as 
that described in Chapter 4 was used (Fig. 4.4). The positron 
lifetime spectra were taken in the temperature range 293 - 473 K 

in steps of about 10 K and 20 K for epoxy and polyester polymers 
respectively following both the heating and the cooling cycles. A 
total of about 5 x 10 counts were recorded under each lifetime 
spectrum. The measured lifetime spectra were then analyzed using 
the computer program PATFIT to extract the lifetime parameters for 
all the measured spectra. Once again our positron lifetime 
analysis showed that best x ( < l-D and most acceptable standard 
deviations were obtained when each spectrum was fitted in terms of 
three lifetime components. For some spectra, we have also carried 
out continuous lifetime analysis using the CONTIN program where we 
have used the reference spectrum arising from well -annealed and 
high-purity (99.99+ %) nickel with an annihilation rate k = 9.1 
ns~^. This reference spectrum was taken immediately before and 
after each of the measurements at a particular temperature was 
performed. During the analysis by CONTIN, any relative time-zero 
shift between the reference and the sample spectrum was taken care: 
in the input parameter file. A total of 85 grid points over the 
range 0.25 ns~^< k < 13 ns~^ were used to obtain the lifetime 

distributions . 

For studying the effect of physical aging in our samples i.e. 
in epoxy and the polyester resin polymers, the samples were first 
aged at a temperature of 393 K for 100 hours in the case of epoxy 

I 
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sarnpls and. 433 K fon 100 houns fon ths cuned polysstsjr in vacuum. 
Annealed samples were thereafter cooled to the room temperature at 
various cooling rates which involved furnace cooling or water 
quenching or liquid nitrogen quenching of the samples. Quenched 
samples were thereafter used for positron lifetime measurements. 
Spectra were taken at regular time intervals to study the 
relaxation process or physical aging of the sample as a function 
of time at room temperature. 

In addition, we have performed moisture and water absorption 
studies on our samples using positron lifetime measurements. For 
studying the moisture absorption, specially designed glass vessel 
having two arms with interconnection between them was used. In one 
of the arm the sample was put while in the other arm the water was 
kept. Both the arms were individually evacuated and then the valve 
connecting the two arms was kept open. Resulting saturation water 
vapor provided an 'atmosphere for the moisture absorption by the 
samples. Water absorption in our samples were performed by 
actually dipping the samples in water at 298 K and then at 370 K 
for different time periods. Positron lifetime spectra .of the 
samples were recorded before and after the moisture/water was 
absorbed by the samples for 15 min, 30 min, 1 h, 2 h, 4 h and 16 h. 

6,3 Results and discussions 


We shall first discuss the results of our analysis for the 
temperature dependence of positron lifetime spectra in both epoxy 
and polyester . This will be followed by discussion on the effect 
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of physical aging and moisture absorption on positron lifetimes in 
our samples . 

6 . 3.1 Temperature dependence of positron lifetime spectra in 
epoxy and polyester resin polymers 

The positron lifetime spectra at two different temperatures 
(293 and 473 K) for the epoxy and the polyester are shown in Figs 
6.4(a) and (b) respectively. It is readily observed from Fig. 6.4 
that for each sample the positron lifetime spectrum shows 
significant changes in going from 293 to 473 K. At first we shall 
discuss the temperature dependence of positron lifetime parameters 
obtained for the epoxy sample when analysis was performed in terms 
of finite lifetime components using the PATFIT program . In epoxy 
samples, our analysis of the spectra measured in the temperature 
range , 293 -473 K showed the presence of three lifetime components 
whose values are in the range = 0.11-0.14 ns, r 2 = 0.34-0.37 ns 
and = 1.8 -2. 4 ns. The three lifetimes correspond to the three 
positron and Ps states in the sample [50] . The shortest lifetime 
is attributed to the singlet or p-Ps annihilation, while the 
intermediate lifetime X 2 arises from the free ( or unbound) 
annihilation of positrons. The longest or the third lifetime is 
due to triplet Ps (o-Ps) annihilation. The relative intensities 
corresponding to the three lifetimes and x^ are given by 

I,, I and I.J respectively such that 

Lifetime values and their intensities are given in Table 6.1(a) 
and (b) during the heating and cooling cycles respectively. 

The temperature variation of x^, x^ and their intensities I^ 








TABLE 6 . 1 (a) 

of positron lifetime parameters in epoxy polymer 
ETA) during the heating cycle obtained from PATFIT analysis. 


Temp 

(K) 

n 

(ns) 

•7-2 

(ns) 

in w 

h 

(%) 

h 

(%) 

h 

{%) 

R‘^ 

(A) 

XrC/O 

1 U.124i.004 

0.353±.004 

1.618±.012 

18.50±.96 

6i27±.86 

19.24±.17 

i48±.01 

303 

1 0.132d:.004 

0-348±.004 

1.645±.012 

18.73±.96 

' 62.20±.96 

19.08±.16 

2.51±.01 

313 

0.129zb.004 

0.348i,004 

1.662±.012 

18.90±.93 

62.86±.93 

19.25±.16 

2.52±.01 

323 

0.121±.003 

0.355±.004 

1.687±.014 

19.09±.87 

62.08±.78 

18.88±.15 

2.55±.01 

333 

0.127±.003 

1 0.363±.003 

1.776±.013 

19.24±.88 

1 62.08±.79 

18.70±.15 1 

! 2.64±.01 

343 

0.122±.003 

0.359±.003 

1.783±.013 

19.48±.75 

61.80±.87 

18.71±.14 

2.65±.01 

353 1 

0.137±.005 

0.363i.004 

1-878±.013 

18.94±.95 

62.04±.87 

19.02±,13 

2.74±.01 

363 

0.131±.004 

0.353±.004 

1.913±.014 

18.81±.88 

62.23±.99 

18.87±.15 

2.77±.01 

373 

0.137±.003 

0.365±.004 

1.963±.012 i 

18.65±.95 

61.84±.85 j 

19.57±.12 

2.82±.01 


•^83 0.132±.004 0.367±.003 2.049±.013 18.87±.85 60.89±.88 19.24±.13 2.90±.01 


393 

0.132±.003 

0.365±.003 

2.088±.013 

18.99±.75 

61.68±.79 

19.32±.ll 

2.94±.01 

403 

0.135±.003 

0.365±.003 

2.172±.012 

18.48±.82 

62.94±.78 

18.57db.ll 

3.01±.01 

413 

0.133±.003 

0.365±.003 

2.231±.015 

17.20±.99 

63.16±.96 

19.64d=.12 

3.06±.01 

423 

0.129±.003 

0.364±.002 

2.317±.013 

17.19±.50 

63.65±.45 

1 19.15±.09 

3.13±.01 

433 

0.129i.003 

i 

0.372±.003 

2.377db.017 

18.76±.71 

63.53±.66 

18.16±.09 

3.82±.01 

443 

It 

0.370±.003 

2.417±.014 

17.15±.95 

64.12±.90 

18.72±.09 

3.21±.02 

4.58 

! 0,!2B:r,tH)3 1 

5 1 

i ! 

0.369±.003 

2.421±.015 

18.37±.73 

63.36±.68 

18.27±.09 

3.22±.01 

473 

I a 132 A- .003 ! 

0.3(i8-4-.()()3 

2.450±.016 

18.49±.95 

63.85±.98 

18.65±.10 

3.24±.01 


y a.» !iu trf'u .uiiiint* radii obtained by using T 3 and eq.(1.17). 
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TABLE 6.1(b) 

Temperature dependence of positron lifetime parameters in epoxy polymer 
(DGEBA.-TETA) during cooling cycle obtained from PATFIT analysis. 


Temp. 

(K) 

n 

(ns) 

n 

(ns) 

(ns) 

h 

(%) 

I2 

(%) 

h 

(%) 

(A) 

308 

0.125±.003 

0.358±.003 

1.660±.012 

19.33±.83 

61.21±.62 

19.4S±.14 

2.52±.01 

318 

0.132i.003 

0.3459±.003 

1.669±.012 

19.82±.73 

60.98±.73 

19.20±.17 

2.55±.01 

328 

0.119±.003 

0.356±.003 

1.699±.011 

19.81±.97 

61.30±.65 

18.89±.13 

2.56±.01 

338 

0.136±.004 

0.368±.003 

1.702±.014 

19.35±.87 

61.68±.89 

18.97±.16 

2.56±.01 

348 

0.121±.003 

0.361±.003 

1.745±.013 

18.76±.63 

61.78dz.80 

18.45±.15 

2.61±.01 

358 

0.139±.003 

0.379±.003 

1.807±.013 

19.36±.88 

62.07±.52 

18.57±.12 

2.67±.01 

368 

0.134i.003 

0.362±.003 

1.886±.012 

19.54±.88 

6r.98±.75 

18.47±.13 

2.75±.01 

388 

0.141+.004 

0.377±.004 

2.054±.012 

18.79±.99 

62.18±.90 

19.05±.17 

2.91±.01 

398 

0.112±.003 

0.375±.004 

2.110±.014 

18.55±.83 

61.91±.74 

19.54±.13 

2.95±.01 

408 

0.129±.003 

0.377±.003 

2.251±.013 

18.32±.70 

62.92±.62 

18.75±.ll 

3.08±.01 

418 

0.113±.004 

0.376±.003 

2.301±.013 

18.24±.95 

62.75±.87 

19.01±.13 

3.12±.01 

428 

0.135±.003 

0.378±.003 

2.324±.014 

17.87±.68 

62.91±.60 

19.21±.09 

3.14±.01 

438 

0.120±.003 

0.379±.003 

2.385±.012 

17.32±.85 

63.91±.77 

18.76±.09 

3.19±.01 

448 

j 

0.134±.004 

0.379±.004 

2.426±.014 

18.46±.99 

62.97±.89 

18.76±.10 

3.22±.01 

L 

().129±.004 

0.374±.004 

2.416±.015 

17.10±.95 

64.57±.92 

18.56±.12 

3.22±.02 


** /(’ iir«‘ t,h(( fn?o volume hole radii obtained by using 73 and eq. (1.17). 
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and for the heating and cooling cycles are shown in Fig. 6.5. 
Similarly the temperature dependence of and are shown in 

Fig. 6.6 (a) and (b) respectively. Since the values of and 

are more directly related to the free-volume properties in 
polymers, our discussion will be confined to the variations of 
and and we shall omit the positron lifetimes and their 

intensities from further discussion. Moreover the values of 
and their intensities do not show any significant variation with 
temperature . 

By assuming the free-volume holes to be spherical in shape, 
we make use of the semiempirical relationship given by eq. (1.17) 
to determine the free-volume hole radius R from the values of 
and the values of R determined in this way are tabulated in Table 
6.1 (a) and (b) . The values of R calculated from are used to 

obtain the hole volume V^=4 ttR /3, and the variation in the value 
of Vg (see right axis) is also shown in Fig. 6.6(a) . 

Positron lifetime studies have been previously reported . in 
:he literature for the resin DGEBA cured by using curing agents 
\rhich are different from that used by us in the present work 
[20-22] . Despite a difference in the curing agent, the values of 
and observed for our sample show a good agreement with those 
.'epcrted for the DGEBA samples [20-22] . It may be pointed out that 
‘poxy polymers are completely amorphous at room temperature and 
■ hey are also chemically very stable i.e. the chemical structure 
Ices not change in these polymers with temperature even upto a 
emperature as high as 470 K. 

It is observed from Fig. 6.6(a), that the plot of o-Ps 




270 310 350 390 430 470 


Temperature (K) 

Fig- 6.5 Temperature variation of positron lifetime 

parameters and in epoxy polymer. Open symbols 

describe the data for the heating cycle, while solid symbols 
describe the data for the cooling cycle. Typical error associated 
with the data points are shown separately in each case by the 
rror bars . 
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Temperature (K) 



Temperature (K) 

?ig, 6.6 Temperature dependence of (a) o-Ps lifetime, 

md (b) o-Ps intensity, in epoxy polymer. Open symbols 

iescribe the data for the heating cycle, while solid symbols 
iescribe the data for the cooling cycle. Positions corresponding 
:o the various transitions are indicated by vertical arrows 
Typical error associated with the data points are shown separately 
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lifetime (t^) versus temperature (T) shows three distinct regions 

as far as the slope of the curve is concerned. In the region 293 < 

T < 350 K, o-Ps lifetime increases with temperature. Around 350 K, 

the plot (Fig. 6.6(a)) shows a marked change in the slope of the 

curve and thus the temperature variation of shows a steeper 

increase above 3 50 K. The DTA spectrum (Fig. 6.2) obtained by us 

for the epoxy resin in the temperature range of 300 - 473 K shows 

an endothermic peak around 35 0 K. This peak in the DTA curve is 

associated with the glass transition in our sample and the 

corresponding temperature was found to be T = 349 K (Fig 6.2) . 

Therefore the observed change in the slope of the ys T curve 

around T=350 K is attributed to the phase transition taking place 

around T^. The value of the transition temperature obtained 

(temperature corresponding to the point of intersection between 

the two linear plots above and below the glass transition 

temperature) from Fig. 6.6 (a) was found to be T^. = 35 0 K, and 

this is in excellent agreement with the one obtained from the DTA 

analysis. As the temperature is further raised above T , the value 

af (or the free-volume hole size) increased further and the 

slope of the curve almost remained constant in the temperature 

range 350 - 433 K. In Chapter 3, we have already mentioned that 

;or glassy polymers, the free volume remains frozen below T^. 

ibove T , i.e. in the rubbery state, an increase in the 
Sf 

:emperature is accompanied by an increase in the total free volume 
.n the material . This increase in the free volume may be due to a 
:hange either in the free-volume hole size or in the free-volume 
iole density (or both) in the material. Since x^ is related to the 
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free volume hole size by eq. (1.17) , we find that the nature of 
variation in the free-volume hole size ( see right hand axis in 
Fig. 6.6(a)) shows a behaviour which is similar to that observed 
in most of the glassy polymers (Fig. 3.5) - 

Around T = 433 K, the curve once more changes its slope and 
shows a plateau beyond T = 433 K. Similar appearance of a plateau 
has been previously observed [51,52] for positron annihilation 
lifetimes in glass-forming liquids. Jean et al . [20] have also 

observed a similar behaviour in their temperature dependence of 
o-Ps lifetime in epoxy sample (however cured with 
N, N' -dimethyl - 1 , 6 -diaminohexane and 1 , 4-diaminobutone) around a 
certain temperature called (Fig. 6.6(a)). In general, in the 

epoxy samples the temperature is well below the decomposition 
temperature. For the epoxy sample used by us the decomposition 
temperature was above 480 K. Previous dialometric and EPR studies 
performed in the case of other polymers did not showed any such 
transition [53] . We also did not observe any transition at 
during the DTA studies of our epoxy samples . This behaviour 
suggests that the saturation effect observed for at is 

linked to the positron lifetime technique only [20] . The 
transition at T , in some sense is similar to the melting of 
crystalline polymers although amorphous and cross-linked polymers 
do not undergo a true melting process. 

During the cooling cycle, from T = 473 K down to the room 
:emperature of 293 K , the value vs T almost retraces the path 
previously followed during the heating cycle and this suggests 
:hat the whole process involving the heating and the cooling 
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cycles was almost reversihi^ o- ■ 

derived from the r dat ( ' free-volume hole size 

aata (ea i 

value after the ^ the initial 

er the temperature cycle. 

Although T showed a lar-rro 

range 292 47 ^ ^ ^ ^^^lation with temperature in the • 

- 473 K, the values of i 

the entire temperature ranae f ' ®l">° 3 t constant over 

-ce range of 293 - 474 v t .. 

have already discussed the . • ^ K. m See. 4 . 3 . 1 , we 

the various factors ' = 

°* O-Ps intensity (or I ) control the value 

polymer, the chemical f I Pitesent sample i,e, epoxy 

'-iiemical factor does not 

Physical factors '=nange with temperature. 

size (or r ) in tim *=hange m the free-volume hole 

3 n the temperature range 293 - 473 K do 
have much effect on the value of I. 


shall now discusc: 

, ■ aiscuss our results for th« 

- polyester resin (cured with mskp as cat " 

accelerator) and their t 

lifetime spectra w ®“'Patature dependence. Positron 

pectra were acquired in the to 

and the spectra i, ' ^P®^^hure range 293-473 K 

ere analyzed by using the PATFTt 
analysis once acein u ye PATFIT program. Our 

'h. V., 

»• «... « : ;:::t ». 

^®time components lie in fh^ 

0-11-0.14 ns, r -0 3 q n .n " 

' ^ 2 -°- 35 - 0.40 ns and r = 1 7 . ^ 

intensitieQ ^ ns. The relative 

hitiee corresponding to the three lifat,-m 

given by : 1 ^ ^ ’'l' hnd T3 are 

The 1 ■ e h hespeotively such that 1 el _ ,00 % 

The Ufetime values and their int • • " ^ 

polyester as a e .. ensities observed for the 

as a function of temperature are o, 

in Table 6.2. 

T-it temperature variation of -r 

and in intensities I 

™ X in case of onvbsea 1 


. i- 2 intensj 

case of cured polyester pno k 

p yester are shown in Fig g 


. 7 . The 
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TABLE 6.2 

Temperature dependence of positron lifetime parameters in an unsaturated polyester 
(cured by using MEKP and cobalt octate) obtained from PATFIT analysis. 


Temp. 

(K) 

n 

(ns) 

T2 

(ns) 

13 

(ns) 

h 

(%) 

I 2 

(%) 

h 

(%) 

72“ 

(A) 

293“ 

0.121±.008 

0.3641.003 

1.7111.027 

12.031.'91 

82.261.97 

5.701.14 

2.571.01 

303^ 

0.111±.007 

0.3591.004 

1.7521.020 

11.881.67 

81.791.61 

6.441.11 

2.621.01 

313“ 

0.121±.006 

0.3651.002 

1.7431.021 

14.361.94 

79.171.86 

6.461.12 

2.611.01 

323* 

0.122±.006 

0.3681.003 

1.7611.021 

14.301.93 

79.281.86 

6.391.12 

2.631.01 

333“ 

0.123±.006 

0.3671.003 

1.7621.019 

13.981.86 

78.941.88 

7.081.12 

2.631.01 

343* 

0.120±.006 

0.3681.003 

1.7641.018 

15.441.95 

76.781.87 

7.861.13 

2.631.01 

353“ 

0.119±.006 

0.3671.003 

1.8341.018 

14.541.89 

77.371.83 

8.081.12 

2.701.01 

363* 

0.117±.005 

0.3801.003 

1.9401.018 

18.741.79 

72.821.73 

8.441.11 

2.801.01 

373“ 

0.121±.005 

0.3841.003 

2.0011.017 

19.481.83 

71.001.77 

9.511.11 

2.861.01 

383* 

0.114±.005 

0.3791.003 

2.0311.016 

19.401.80 

70.801.74 

11.021.12 

2.881.01 

393“ 

0.126±.005 

0.3811.003 

2.1161.015 

17.431.90 

70.751.84 

11.811.11 

2.961.01 

403* 

0.115±.004 

0.3941.003 

2.1661.014 

20.831.70 

67.171.65 

12.001.11 

3.021.01 

413“ 

0.123±.005 

0.3861.003 

2.2141.013 

19.171.79 

67.661.74 

13.171.10 

3.041.01 

•12.3* 

0.127±.004 

0.3891.003 

2.2831.011 

19.541.69 

66.721.65 

13.731.09 

3.101.01 

•133“ 

1 

0.132±.005 

0.3911.004 

2.2331.013 

19.471.89 

66.111.83 

14.421.11 

3.421.01 

1 .1.13* 

1 I 

0.123±.00.5 

0.3871.004 

2.3351.013 

19.231.84 

65.541.79 

15.231.11 

3.151.02 

•153“ I 

: t 

1 * 

0.1231.005 

0.3891.004 

2.3831.013 

18.921.83 

65.051.78 

16.021.11 

3.181.01 

•1(>.3* 1 

! 

0.1271.00.5 

I 

0.3891.004 

2.4271.012 

18.911.84 

64.381.79 

16.701.10 

3.221.01 

■173“ 

!U2-l:r:.IM).l ; 

0.3861.00.1 

2.4141.014 

18.221.49 

63.971.93 

17.291.12 

3.211.02 


" Durui!;' In'atiiu', cycle 
b During cooling cycle 

H are the jret* ’-eihune htile ratiii ohtainwi by using T 3 and eq. (1.17). 



Temperature (K) 


Fig, 6.7 Temperature variation of positron lifetime 

parameters x,, x^, and I 2 in polyester polymer. Open symbols 

descrice the delta for the heating cycle, while solid symbols 
describe the data for the cooling cycle. Typical error associated 
with the data points are shown separately in each case by the 
ve r t i c a I e r ro v ba r s . 
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temperature dependence of and are shown in Fig. 6.8 (a) and 

(b) respectively. If the present data for the epoxy and polyester 
samples are compared, one will notice a difference. This might be 
due to the difference in their physical structure - while epoxy is 
amorphous, polyester is microcrystalline. We shall confine our 
discussion to the variations of and since they are more 

related to the free-volume properties in polymers, and we shall 
omit the temperature dependence of positron lifetimes from 

further discussion. The values of free-volume hole radius R 
obtained from the observed values of and eq. (1.17) are also 
given in Table 6.2 and the corresponding variation in the hole 
volume = 47tR /3 is shown on the right hand axis in Fig. 6.8(a) . 

The temperature variation of in this case was found to be 
quite similar to the one observed for the epoxy polymer (Fig. 
6.6(a)) except that we do not observe a similar . transition around 
T^ in this case which was earlier observed for the epoxy polymer. 
The change in the slope of vs T curve around T = 350 K may be 

ascribed to a phase transition (such as the glass transition) . 
However such a transition could not be confirmed independently by 
DTA analysis. 

In the case of epoxy polymer, we observed ~ 20% but the 
polyester samples showed lower values of « 7% (both measured at 
room temperature) . However with an increase in the temperature, 
the 1 2 value for the polyester samples started to increase with 
temperature. The vs T plot shows a slow rise upto 350 K and 
beyond 350 K the plot shows a steeper rise upto the maximum 
cemperv^ture (473 K) used by us. It may be pointed out that the I 2 
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Temperature (K) 



Temperature (K) 

Fig. 6.8 Temperature dependence of (a) o-Ps lifetime, 

and (b) o-Ps intensity, in polyester polymer. Open symbols 

describe the data for the heating cycle, while solid symbols 
describe the data for the cooling cycle. Position indicated by rhe 
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vs T plot did not show such rise in the case of epoxy sample (Fig. 
6.6 (b) ) . At 473 K, the value of for the polyester sample is 

about 17% and this is quite close to the value of obtained for 
the epoxy polymer. The observed behaviour of with temperature 
is quite interesting. Linear polyesters in some cases e.g. 
poly (ethylene terepthalate) (PET), nylon etc. [49] are either 

crystalline or may have microcrystalline domains with high degree 
of alignment of the polymer chains . In such cases the amount of 
intermolecular free space will be small. With increase in the 
temperature, disorder in their alignment may commence resulting in 
an increase in the intermolecular free space available within the 
polymer chains. At a sufficiently high temperature, the entire 
bulk of the material becomes totally disordered resulting in a 
larger fraction of free volume in the material. We believe that 
such a condition exists in our case. Since in some sense is 
related to the free-volume hole density, the increase in the 
disordering of oriented polymer chains with increasing temperature 
will increase the free-volume hole density and therefore the 
values. This mechanism discussed above may be responsible for the 
behaviour shown by with temperature. Moreover at room, 

temperature there is a high degree of chain alignment and the 
amount of free volume is less at room temperature. This may 
explain the small value observed by us . It may be pointed out 
that polyester resin we have worked with is chemically very stable 
and its chemical structure does not change with temperature. Hence 
the possible change in can only come through the physical 

factors. 
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During the cooling cycle, both and followed almost the 

same path as that taken during the heating cycle thereby 

suggesting that the process is almost reversible. It may be 

pointed out that present positron lifetime measurements involved 

measurement at each temperature lasting for several hours before 

going to the next temperature i.e. our measurements involved 

extremely slow heating and cooling rates. 

As presented in the previous two cases of PEOiNH^ClO^ and 

NH^I, we have plotted in Fig. 6.9 (a) and (b) , the temperature 

variation of relative free volume fraction F (= for cured 

r 3 f 

epoxy and the polyester with an argugient similar to the one 

presented in Sec. 4.3.1. In ■ case of polyester, although the value 

of I^ changed in the entire range of temperature, the changes are 

only due to the change in the physical factor related to the 

structure of this polymer. Hence eq. (4.2) is likely to be valid 

in this case also. From Fig. 6 . 9 , we find that the nature of 

variation of F^ for the epoxy polymer is similar to that of , 

whereas in the polyester sample, the amount of variation in F^ is 

very large in the temperature range 350 - 473 K. 

The positron lifetime spectra in the case of epoxy polymer 

(at some temperatures during the heating cycle) were also analyzed 

by using the CONTIN program to extract the positron lifetime 

2 

distributions functions (PDF) a(X).k . In Fig. 6.10 we have 
presented the results of such analysis i.e. the distribution 


2 

functiori a(A).A against 

the 

positron 

lifetime 

at some 

representative temperatures 

for 

the epoxy 

polymer . 

All such 


lifetime distribution functions showed presence of three distinct 
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Temperature (K) 

Fig 6.9 Temperature dependence of relative free-volume 

fraction F. epoxy and (b) polyester samples. Open 

symbols describe the data for the heating cycle, while solxa 
symbols describe the data for the cooling cycle. Positions 
indicafed by the arrows correspond to various tranoi t-. 
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Fig. 6.10 Positron lifetime distributions in epoxy polymer 
at some representative temperatures during the heating cycle, 
obtained from CONTIN analysis. The positions corresponding to the 
lifetimes values and obtained from PATFIT (Table 
6 . 1 (a^ ) analysis are shown by arrows. 
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and well -resolved peaks. The mean positron lifetimes and their 
intensities (t. i = 1-3) were obtained from the CONTIN 

results by using the eqs . (4.3) and (4.4) and they are listed in 

Table 6 . 3 for some of the lifetime spectra in epoxy polymer 

One can see that there is a good agreement between the peak 
positions of the three peaks (corresponding to and x^) 

resolved by the CONTIN program (Table 6.3) and the values of 
T and T- obtained by the PATFIT program (Table 6.1) . The expanded 
profiles of the extreme right peaks (corresponding to x^) in Fig. 
6.10 are shown in Fig. 6.11 It is observed that the peak position, 
width (FWHM) , and asymmetry of each peak profile is different at 
different temperatures . One can also see that higher the 
temperature, broader is the lifetime distribution. 

As mentioned earlier, the lifetime and related distributions 
shown here are to be taken qualitatively and that they represent a 
certain trend. From the observed o-Ps lifetime distributions, we 
have determined the free-volume hole-radius probability density 
function, f (R) , using eq. (4.5). without any correction factor for 
the Ps trapping [7,21]. The present results for f (R) corresponding 
to the o-Ps lifetime distribution shown in Fig. 6.11 are plotted 
against R in Fig. 6.12(a) . The mean radius for each of the radius 
distributions obtained by us was determined by using the eq. 
(5.1). These values of the mean radii are also tabulated in Table 
6.3. From Fig. 6-12 (a), we find that the f (R) functions are 
fairly symmetric and exhibit a broader distribution at a higher 
temperature . 

Using the above distribution functions for f (R) we have also 



TABLE 6.3 


Temperature dependence of mean positron lifetime parameters in epoxy polymer 
(DGEBA:TETA) during heating cycle obtained from CONTIN analysis. 


Temp. 

(K) 

■ri 

(ns) 

r2 

(ns) 

T3 

(ns) 

h 

(%) 

to 

I 3 

(%) 

(A) 

293 

0.102 

0.367 

1.618 

13.98 

65.30 

20.71 

2.48 

303 

0.110 

0.354 

1.635 

12.80 

65.75 

21.44 

2.49 

313 

0.105 

0.357 

1.674 

11.63 

68.34 

20.04 

2.54 

323 

0.105 

0.360 

1.709 

15.80 

64.26 

19.94 

2.57 

333 

0.100 

0.377 

1.788 

12.85 

67.98 

19.17 

2.65 

343 

0.097 

0.367 

1.778 

12.97 

67.31 

19.72 

2.64 

353 

0.113 

0.381 

1.919 

12.39 

68.12 

19.49 

2.78 

363 

0.107 

0.364 

1.889 

13.52 

67.14 

19.35 

2.75 

373 

0.105 

0.354 

2.001 

12.85 

66.54 

20.61 

2.86 

383 

0.100 

0.375 

2.049 

12.11 

67.74 

20.15 

2.90 

393 

0.102 

0.372 

2.066 

13.10 

66.22 

20.68 

2.91 

403 

0.103 

0.375 

2.180 

12.06 

68.37 

19.57 

3.01 

413 

o.loa 

0.362 

2.235 

9.07 

70.15 

20.76 

3.06 

423 

0.103 

0.379 

2.360 

12.27 

68.69 

19.04 

3.17 

•133 

0.102 

0.377 

2.385 

11.36 

68.31 

20.33 

3.19 

■143 

1 

0.104 

0.374 

2.387 

12.45 

67.25 

20.30 

3.19 

j 358 

0.112 

0.381 

2.394 

13.01 

64.65 

22.34 

3.19 

373 

1 0.113 

j 

0.379 

2.412 

12.01 

65.24 

22.75 

3.21 


• It' ar<‘ tht‘ tnoaii volunu? hole radii obtained bv nsino- r. 
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Fig. 6.11 o-Ps lifetime distribution in epoxy polymer at 

i *■ f temperatures during the heating cycle. The data were 
s/om right hand peaks in Fig. 6.10. The continuous lines are 
draw:; t.r.rough the data points for visual guidance. 
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determined the probability density functions for the hole „ n 

volume 

g(V) using eg. (4.6). The results of hole volume distribution 
g(V), obtained in this way for the epoxy sample corresponding to 
the hole radius distribution f (R) in Figs. 6.12(a) are shown in 
Fig 6 . 12 (b). The hole-volume distribution, g (V) , in Fig. 6 . 12 (b) 

were observed to be asvmmfd-t-r'-i r,n 4 -v 1 

ymmetric with a skewing tendency toward 

larger volume . 

In the next section aHai n 

-i-oin we snail discuss our results fr^v- 

^r the 

physical aging and moisturp* ; 5 Hc!rivr-,t- ...i- j • 

^ *oure absorption studies on the enov, 

«Poxy and 

polyester using positron lifetime method. 


6 . 3.2 study Of structural relaxation and physical aging 

in order to study the structural relaxation and phya^,,, 
aging effects on the poaitron lifetime parameters, the sample of 
epoxy and polyester were annealed at a temperature above 

respective glass transition temperatures for an extended time 

100 h) and then cooled 

c to a temperature below their gXa,s 

transition temperature, a- 

As mentioned earlier, the equilibrium 

free-volume distribution n-roooTni- 

on present before the cooling process win 

be disturbed as a result n-F *. 1 . 

of cooling the sample below the 

transition temperature and 'm ^ 

ana the system will try to attain the new 

ecfuilibrium distribution for- t-v,o ■F-r-ra^ , -1 

ror the free-volume corresponding to the 

final temperature. This process is very slow because the segmental 

mobility of the polymer chains in the glassy state is very 

ritarued due to a smaller free volume available in the gUs^y 

St. Its, I; rice o-Ps lifetime and the intensity are related to the 

free v. .umo hole size and distribution, the above process of 



g{V) (10"" A'") f{Rl (A 



FREE -VOLUME HOLE RADIUS (A) 



Fig. 6.12 The free-volume (a) hole radius distributioi 

:unc!::c:is f (R, and (b) volume distribution functions g (V) in epox^ 
po..ym€'r at. d;.r::erent. temperatures corresponding to o-Ps lifetime 
disti .ion I'lnct ionsj in Fig. €.11 during the heating cycle. Ths 
.lent :: no ..'in.:; .. are -.irawn through the data points for visual 
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redistribution of the free volume is also expected to be observed 
in the variation of o-Ps lifetime parameters. 

In Fig. 6.13(a) and (b) we have plotted the changes in and 

respectively for the epoxy sample as a function of time for 

three different cooling rates described in the figure. Positron 

lifetime data were taken at room temperature for all the samples 
It is observed from Fig. 6.13 that for epoxy samples the effect of 
physical aging on x^ and I^ shows similar trends irrespective of 
the cooling rate used. In other words the aging process (in epoxy 
samples) was found to be independent of the quenching rates used. 
Physical aging appears to have a more marked effect on the 

intensity of o-Ps lifetime than the lifetimes themselves. Similar 
behaviour has been reported in the literature [5,23-25] for 
various other polymers. Keeping in view the correlation (Chapter 
1) between the o-Ps lifetime (and intensity) and the free-volume 
hole size (and its distribution) , we may conclude that during the 
aging process in epoxy polymer, the free-volume hole density 
changes with time whereas there is a little or no change in the 
hole size. 

In the case of polyester resin, the physical aging process 
was studied using positron lifetime method for 3 sets of samples 
which were treated in exactly the same way as described for the 
epoxy polymer but for an annealing temperature of 423 K. In Figs. 
6.14 (a) and 'b) we have plotted the values of x^ and I., 
respectively ac. \ function of aging time for the samples cooled at 
rat**;;. In tl'iln case too, we find that the values of x„ 

j 

are nut much by tb;e -tging process whereas the values of 
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changed at almost the same rate in all three cases . However in 
this case the individual values of and were found to be 
dependent on the rate of quenching, the effect being more 
prominent for . From Figs. 6.14(a) and (b) , we also find that 
faster the cooling rate, larger is the value of and - One 
can explain this behaviour by considering the microstructure of 
our polyester sample. By rapid quenching the sample, the different 
polymer chains did not get enough time to reorient /realign 
themselves in a more closed packed structure, and are frozen in 
the state which existed before quenching. Therefore, faster rate 
of quenching, will lead to greater amount of disorder and larger 
amount of free volume . This may explain the observation that 
faster rate of quenching led to higher values of and . 

6.3.3 Water Absorption studies 

The observed variation in the values of and as a 
function of water absorption time is plotted in Fig. 6.15 and 6.16 
for epoxy and polyester respectively. Each sample was subjected 
to three different absorption conditions described earlier in Sec. 
6.2. The observed changes in the values of and during the 
process of absorption are attributed to the trapping of water 
molecules at the intermolecular spaces (which arises out of the 
diffusion of water in the sample) . It has already been found that 
absorption in polymers is a diffusion-controlled process that 
depends on the amount of free volume available in the polymer and 
the temp-:* nature it which the diffusion is taking place. Therefore 
for epoxy sample, which contains a larger free volume fraction as 
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compared to • to polyester sample, we expect to find larger changes 
in the values of and than in polyester during the process of 
absorption under identical conditions. Our results (Fig. 6.15 and 
6.16) indeed show such a behaviour. Our results are also in 
agreement with the results obtained by others [54,9] . The amount 
of change in the values of and is more marked for water 

absorption at an elevated temperature of 3 70 K in both the 
samples. This observed behaviour can be explained in terms of 
diffusion coefficient which increases with temperature. At a 
higher temperature, the amount of free volume fraction is also 
expected to be more. Both the effects mentioned above are 
responsible for a larger change in the and when water was 

absorbed at 370 K. 

6. 4 Summary and conclusions 


Positron annihilation lifetime spectroscopy has been used to 
study free volume in epoxy and polyester polymers . While the epoxy 
samples were cured with triethylene tetramine (as hardener) , the 
polyester samples were cured with MEKP (as catalyst) and cobalt 
octate (as accelerator) . The temperature dependence of positron 
lifetime in the epoxy and polyester samples were analyzed to 
obtain the variation of the free-volume hole size, V^, in the 
temperature range 293 - 473 K using the PATFIT program. The 

increas>i of Vg with temperature shows a steeper rise at T = T^ 
•.'gl:u;s rransititn temperature) for both the samples. However in 
the oa.';:':; of t.te epoxy sample the plot of x^ vs T shows a 
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saturation behaviour beyond T = (the so-called onset 

temperature) . Attempt has been made to discuss this behaviour. The 
positron lifetime spectra in the epoxy sample have also been 
analyzed using the CONTIN program to obtain the distribution of 
o-Ps lifetimes, free-volume hole radii and hole-volumes at 
different temperatures . 

Positron annihilation lifetimes in the samples of epoxy and 
polyester have been monitored during their aging over a time 
period ranging from Ih to 150h, and for different cooling rates. 
The o-Ps lifetimes did not show significant changes with time 
t. The o-Ps intensity showed systematic changes whose trend did 
not depend on the rate of cooling used, although the actual values 
of did depend on the rate of cooling. These results have been 
discussed. 

Finally the effect of water absorption on the o-Ps lifetime 
and intensity in the samples of epoxy and polyester have been 
studied as a function of absorption time at 298 K and 370 K. In 
was observed that the changes in and were more marked for 

water absorption at an elevated temperature of 370 K. An ' 
explanation for this behaviour is proposed. 

The present study has provided useful information about the 
effect of temperature, physical aging and water absorption on the 
positron lifetime parameters and free volumes in the epoxy and 
polyester polymers. 
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CHAPTER 7 


POSITRON ANNIHILATION LIFETIME STUDY OF HYDROGEN- CHARGED 

Al-Al^O^ COMPOSITES 


7. 1 introduction 

Metal matrix composites (MMC) are a new class of materials 
that have attracted considerable attention in the recent past 
because of their excellent mechanical properties. This is due to 

the presence of a tough, ductile and environment-resistant 
metallic matrix and a strong, light and thermally stable 
reinforcement . Composite materials are in general produced by 
blending two or more materials (either metallic or non-metallic) 
to obtain unique combinations of physical and mechanical 
properties which cannot be obtained in a single material. 

A wide variety of novel composite materials with metals, 
ceramics and intermetallics as reinforcement have been developed. 
This has led to the availability of several low-cost, 
discontinuous ceramic reinforcements. Recently much research 
attention has focussed on the Al-based MMC's. They have been 
identified as candidate materials for automobiles engine 
■ because of their amenability to common metal-forming 

operations like forging, extrusion and rolling [1] . In addition, 
t\vi Al "based MMC's have other useful properties like adequate 
properties, light weight, resistance to environmental 
at" i'‘ks3 etc. Composites based on Al-alloys and having graphite 



reinforcements have also been considered fo^:- 

^^rine and 

applications [2-4] . 


nava 


Hydrogen embrittlement (HE) is one of the s 

^Portant forms 01 

environmental degradation of materials. Hydroo^ 

^ ^ ^ ^ may enter the 

metal from hydrogen-bearing atmosphere during cot- 

, . , ^osion, cathodic 

polarization, electroplating, heat treatments, 

, aiding or other 

manufacturing processes. Because of the small 

... hydrogen can 

readily migrate through the crystal structure 

T T , most metals and 

alloys and get dissolved in the crystal lattiQ,^ 

, , ■ This dissolved 

nyarogen can drastically affect the mechanic , 

j strength and 

ductility in these metals and alloys. It is alg 

^tderstood that 

the dissolved hydrogen gets trapped at 

. , , , ^ tietallurgical 

inhomogeneities/def ects or similar trap sites 

^hd the hydrogen 

trapping behaviour of these traps determine the o, 

susceptibility to 

HE. These traps sites may act as a reversibly 


Or 


irreversible 


traps for hydrogen [6] . It is believed that 

® hydrogen atom 

which are reversibly trapped in the matepi^, 

® are mostly 

responsible for causing hydrogen embrittlenients . 

Earlier investigation carried out 

the hydrogen 

embrittlement of cast Al-Al.,0., particulate y 

2 3 ^ ^^Posites at our 

Institute [7] have revealed that the degr^^ 

embrittlement was lower in composites compared to 

base metal. 

Mor'i-',3ver , the susceptibility to HE was least f 

the 2% Al^O 

■ '‘r.: nir.es. In fact, the tensile ductility of 

lurogen charged 

A1 was found to be Greater than ttie- unchavr. ^ 

3 condition. 

Ar. uxpianat ion for the embrittlement behaviour of 

Lhese composites 

wa;i' , ; y. •- by ' h.- : .l.-rir.g the microstructu^-^j^ 

0 iiii 0 cts on 


of hydrogen 
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properties and the trapping tendency of hydrogen at various traps 
sites in the materials [7] . 

During sample preparation. Mg was added [7] to the Al for 
improving the wetability between the Al and the Al O particles. 
From a structural point of view, the presence of Mg in the Al 
alloy led to the transformation of Al^O^ to MgAl^O^ thereby 
cracking the particles due to the stress generated during the 
transformation (Fig. 7.1) . The degree of conversion (and hence the 
degree of cracking) was lower for the composites containing higher 
^^2*^3 fraction. Moreover, at higher volume fractions 

of Al^O^ , the converted zone only forms a MgAl^O^ layer on the 
AI 2 O 3 particles (Fig. 7.1) which has been shown by micro X-ray 
diffraction [7] and transmission electron microscopy [ 8 ] . 

Therefore, an interesting problem that arose during the 
investigations on the hydrogen embrittlement of these materials 
was to find out the trapping behaviour of hydrogen in these 
materials as they all contained different types and amounts of 
interfaces. While analyzing the anomalous mechanical behaviour of 
the Al-2% ^^ 2^3 composites after hydrogen charging, and the 

genez'al reduced susceptibility to the HE for the composites, it 
was hypothesised [7] that the cracks in the particle in addition 
to the reinforcement -matrix interface would trap hydrogen. 
Although the exact nature of these traps is still in doubt, the 
literature cites that these locations should irreversibly crap 
hydrogen and hence contribute positively by lowering the amounc of 
hv j to cause embrittlement. 

Rece;nt;ly tlie technique of positron annihilation spectroscopy 




27 


has emerged as an effective method for characterisation and 
investigation of hydrogen in metals [9,10] . These applications 
arise from the sensitivity of positrons to defects. Although 
positron annihilation spectroscopy has been applied to study 
different light gas impurities in metals, no such study in MMC has 
been reported. We, therefore, thought it interesting to study the 
trapping behaviour of hydrogen in the aluminium-alumina composites 
by measuring positron annihilation lifetimes. 

7. 2 Experimental 


Samples of AI-AI 2 O 2 composites having 0, 2, 4 and 8 weight % 

Al-iO^ particulates were prepared by the vortex casting methods [4] 
using commercially pure aluminium. Magnesium was added to the melt 
fcr improving the wetability between Al and AI 2 O 2 particles and 
this resulted in residual Mg concentration of 4% by weight. 
Preheated acicular AI 2 O 2 P^^bicles of 10-15 4 m size were dispersed 
into the molten melt using a mechanical stirrer whose speed was 
gradually increased to 450 rpm. Samples were then cast in 
permanent metallic molds. Details of the sample preparations are 
described elsewhere [7] . Metallographic specimens made from the 
cant ingot were then studied under a scanning electron microscope 
iJHlL, JSM 840 A) and optical microscope to observe the 
dl;,'.' ii.ucion of the reinforcing second phase. Mechanical 
ie:s and their characterisations in these materials under 

ail '•-tvnir. ,f;nditions are discussed by Gopinath et . al . [7]. 

of 8 mm diameter and 1 mm thickness 


CircuLir disc specimens 
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were then prepared from the cast ingot. Both the surfaces were 
polished down to 600 grit level. They were de-greased and cleaned 
with acetone before charging them with hydrogen. The hydrogen was 
charged electrolytically in an electrochemical cell with 0.5 mol/I 
HbSO^ as electrolyte, a stainless steel strip as anode and the 
specimen as cathode. The specimens were individually hydrogen 
charged at a constant current density of 50 mA/cm for 12 hours. A 

few drops of sodium arsenite which serves as a hydrogen 

recombinant poison was added to the solution. Its role is to 

inhibit the formation of molecular hydrogen thereby accelerating 
the entry of hydrogen into the material. 

Positron lifetime measurements were performed at 298 K using 
a conventional fast-fast coincidence spectrometer described in 
Chapter 2, with a time resolution of 310 ps and a sandwich 

geometry for the Na source-specimen assembly. Positron lifetime 
spectra were recorded for samples containing 0%, 2%, 4% and 8 % 
Al.,0^ particles by weight. For each weight composition of the 
sample, positron lifetime spectra were measured for three 
different conditions : (i) as prepared (as cast) sample, (ii) 
sample charged with hydrogen for 12 hours, and (iii) sample 
annealed (after hydrogen charging) in vacuum at 573 K. After 
apply itVJ the source correction etc., the measured lifetime spectra 
were analysed into 3 lifetime components (t^, and x^ having 

intensities I,, I., and with 1 ^+ 12+13 = 100 ) using the computer 

program POSITRONFIT [11] . 
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7. 3 Results and discussions 

The results of our measurement for the three positron 
lifetimes are presented in Table 7.1. The values of the lifetimes, 
obtained for the different percentage composition of ■^l 2°3 
particles measured under different conditions lie in the range 
t^= 139-176 ps with intensity 1^=64-75%, 285-365 ps with 

I., = 24-35% and - 5-2 .2 ns with intensity 0. 6 - 1 . 3 %. Here we shall 

like to point out that the longest lifetime ( 1 . 5 - 2. 2 ns) having 
very weak intensities ( 0 . 6 - 1 . 3%) are ascribed to the annihilation 
o •• the positrons on the surface of the samples [12] . In our work 
we have not been able to control the character of the surface of 
the samples nor have we been able to use any depth-selection 
1 6 -'un ivjue involving positron annihilation and hence we will not 
disvrusc our results of x^ and any more. 

In Fig. 7.2 ((a) - (d) ) , we have plotted the variation of 

and their intensities and respectively with the weight 
p»>r .‘'.'.intage of AI 2 O 2 Particulates in the matrix for (A) as prepared 
uu'f ''’ast) samples, (B) samples charged with hydrogen, and (C) 
annealed (after hydrogen charging) at 573 K for ih. The shortest 
lifetime r, , which provided the major contribution to the lifetime 
ra nf ,all the samples, was ascribed to positron annihilation 
in pure Al in the bulk [13,14]. The second lifetime x^ and its 
-ui;' i tv /ire associated with the interaction of positrons with 
the imperfections in solids, including point defects (vacancy, 
imrur i f. i US and their aggregates, various types of dislocations, 
Sit’fkinq faults, grain boundaries etc. [13,14]. The mean lifetime 



TABLE 7.1 


Positron lifetime parameters in Al-Al^O^ composites containing 
different weight percentage of Al^O^ particles in the matrix. 


Sample 

(see 

text) 

% 

* 

(ps) 

^1 

(%) 

^2 

(ps) 

"2 

(%) 

"^3 

(ns) 

"3 

(%) 

a 

T 

m 

(ps) 


0 

168±2 

74 .75±.45 

362 + 7 

24 . 151.45 

2 .261 . 06 

1 . Ill . 06 

21613 

As-cast 

2 

154±2 

69 . 30±.41 

333±6 

29.871.40 

2 . 181 . 08 

0 . 831 . 06 

20813 


4 

162±2 

72 . 91±.47 

352±6 

26.481.45 

2.361 . 10 

0 . 611 . 07 

21213 


8 

168±2 

73 .42+. 44 

35417 

25.611.42 

2 . 141 . 07 

0 . 971 . 07 

21613 


0 

145±3 

64 . 53±. 52 

29517 

34.061.48 

2 . 051 . 08 

1.221.08 

19714 

:harged 

2 

157±3 

68 . 67±.50 

31519 

30 . 111.48 

2'. 041 . 08 

1 .221 . 08 

20514 

with 

lydrogen 

4 

152±3 

66 . 03+.39 

31118 

32 . 771.43 

1 . 971 . 05 

1.201.05 

20514 


8 

151±2 

65.75±.39 

30317 

33 . 021.38 

2 . 071 . 09 

1 . 041 . 04 

20014 


0 

139 + 2 

66 . 27±.38 

28615 

32.711.36 

1.611 . 05 

1.021.06 

18713 

nnealed 

2 

145 + 2 

71.75±.43 

31315 

27.311.40 

1.921.05 

0 . 961 . 05 

19213 

at 

73 K/lh 

4 

142 + 2 

69.00+.48 

30014 

30 . 051.45 

1.751.05 

0 . 961 . 06 

19012 


8 

145±2 

68 .89+. 55 

29715 

30.231.52 

1.711.06 

0.881.07 

19213 


Percentage composition of AI 2 O 2 (see text) 

I. + 1. 


'4ean positron lifetime x 



Percentage of AI2O3 

(d) 

tron lifetime parameters with 
(a) (b) (c) x^, and (d) 

it) samples, (B) charged with 
»d (after hydrogen charging) at 
■ough the data points for visual 
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^ 2 ^^ calculated from and 

are also plotted in Fig. 7.3 against percentage composition of 

AI 2 O 3 particles for different sample treatments. Following common 

practice [15] we shall concentrate on x , rather than individual 

m' 

lifetimes and their intensities, to analyze the present results. 

We first discuss the results for the samples without any 
Al^O., (or "pure" Al) . The value of x observed for the as -cast 
sample of Al + 0% Al^O^ is 216 ps which is higher than the values 
x^ = 163 ps for the perfect lattice of Al [13] . This might be due 
to the presence of about 4 % Mg in the sample [7] . The reported 
value for the positron lifetime in the lattice of Mg is 238 ps 
[13] and it is also expected that the relative affinities of 

positron for Al and Mg would be different [16] . The present 

results show that the charging of the pure sample of Al with 
i'.y.h '-J'Ui leads to a decrease in x^ to 197 ps (Fig. 7.3) . This 
behaviour is in agreement with the results for the positron 
Lifetimes in hydrogen charged Al reported by Cao et al . [17]. 

Previous experimental [18,19] and theoretical [20] studies have 
that charging a metal sample with hydrogen gives rise to 
two processes which have opposite effect on the positron 
Lifetimes. In the first place, hydrogen- induced defects try to 
the lifetime. On the other hand, hydrogen charging leads 
trapping of protons in the defects and these protons reduce the 
attractive potential between the positrons and the defects. As 
pointed out by Jena et al. [20] the positron lifetimes in 

V,'; -j.-:, complex is reduced because of the simultaneous 
in the number of electrons, and decrease in the number of 


vacancy 




Variation in mean lifetime with 


, ,,, 

percentage composition of AI 3 O 3 particulates for (A) 
-.amples, (B) samples charged with hydrogen for 12 
mnealed (after hydrogen charging) at 573 K for 1 . 
irawn through the data points for visual guidance. 


different 
as-cast 
and (C) 
Lines are 




positrons inside the Wigner-Seitz sphere of the vacancy- hydrogen 
complex. The latter type of process is more effective and as a 
consequence the net effect of hydrogen charging is the lowering of 
observations support this view. We have further observed 
that the for pure Al sample decreases to 187 ps upon annealing 
(Fig. 7.3) . This decrease is understood because annealing treatment 
for 1 h at 3 00 °C is expected to reduce the hydrogen as well as 
the defect concentration. 

As the percentage of AI 2 O 2 is increased from 0% to 8%, the 
values display a variation with the 2% sample showing anomalous 
behaviour (Fig. 7.3). As reported earlier [7], the 2% sample 
showed the poorest mechanical properties in the uncharged 
condition. This behaviour was attributed to the formation of 
with the interaction between Al^O^ particles and Mg 
(present in the matrix) being maximum for 2 % sample. Our results 
for the as-cast samples show that slightly decreases from 216 
ps for 0% to 208 ps for the 2 % sample (curve A in Fig. 7.3) . This 
small decrease is attributed to the loss of Mg which has gone to 
form the compound MgAl^O^ . As the percentage of Al^O^ is increased 
from 2% to 8% the degree of conversion to MgAl^O^ becomes lower 

[7] and the x values increased from 208 ps for 2% Al_0- to 216 ps 

ITl z J 

for 81 Al^Oj samples (curve A in Fig. 7.3) . 

In Che case of hydrogen -charged samples, slight increase in 

in going from 0% to 2% AI 2 O 3 (Fig. 7.3) could be ascribed to 

the trapping of hydrogen in the cracks in AI 2 O 2 particles. This 
has rtisulted in a reduced hydrogen concentration in the bulk of 
the Al -matrix. As already been discussed [7], a large number of 
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particles cracked in the case of Al- 2% Al^O^ composites whereas 
particles are essentially crack-free in composites containing- 
higher Al^O^ fractions. Therefore, the amount of hydrogen trapped 
in the cracks is maximum for 2% Al^O^ and least for 8% AI 2 O 2 
composite. In other words, the amount of hydrogen available in the 
bulk of the host matrix increases as the percentage AI 2 O 2 
increases in the composites . This has resulted in a maximum drop in 
mean lifetime for the 8% case and a very little change for 2% 
AI..JO 2 composite upon charging with hydrogen (curve B in Fig. 7.3) . 

In the case of annealed samples, values further go down 

(curve C in Fig. 7.3)) in all the four cases (0%, 2%, 4% and 8% 
AlpO^) from the hydrogen- charged condition. Also values do not 
show significant variation with the percentage of AI 2 O 2 in this 
case . This behaviour suggest that most of the defects and hydrogen 
have annealed out from the sample and hence we are observing the 
same annihilation rate in all the four samples. 

7. 4 Conclusions 

It may be concluded that present positron annihilation 
lifetime measurements can provide us useful information about the 
trapping behaviour of hydrogen in the aluminium- alumina 
composites. Moreover, the present positron results are in 
. ;> .--:r.“ry v/ith the trapping behaviour of hydrogen proposed by 
Gopinath et al . [7] in these composites. In other words positron 

ariiiihiiatit:. technique can be a useful tool to monitor the changes 
in metal matrix composites upon hydrogen charging and subsequent 



2 


annealing. Positron annihilation technique, which has been used to 
characterise other different materials, can be used to 
characterise metal matrix composites. 
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